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Abstract 
 
The Bokkeveld Plateau, a region hosting high plant endemism, is home to two 
arid mountain centre renosterveld types. One, Nieuwoudtville Shale Renosterveld, 
has partially been transformed into croplands and pastures, with about 40 % 
remaining as non-contiguous fragments on privately owned land, and is used as 
natural rangelands for sheep grazing. The vegetation, soil chemical parameters, 
and rhizosphere soil microbial ecology of a dominant plant, Eriocephalus 
purpureus, were assessed. A combination of field sampling and recording, 
laboratory analyses of soil samples, and interviews were used to glean data. Data 
were statistically analysed using multivariate techniques. Overall plant species 
richness did not differ among the study sites, though plant species richness and 
cover of the different plant growth form categories varied among the sites. Soil 
chemical parameters varied among sites. Soil chemical and rhizosphere soil 
microbial parameters co-varied, and showed different profiles among the study 
sites. High cover of E. purpureus was associated with high microbial enzyme 
activity, while high cover of (other, non-dominant) non-succulent shrubs was 
associated with high bacterial functional diversity. Cover of geophytes, Asparagus 
capensis and perennial grass was associated with high microbial biomass. The 
findings indicate that E. purpureus-dominated Niewoudtville Shale Renosterveld 
is heterogeneous not only in terms of vegetation, but also in terms of soil chemical 
and microbial parameters. The results support the conservation of all fragments of 
remaining renosterveld, as they may serve as valuable resources of not only plant 
genetic material but also of soil microbial communities.  
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Chapter 1 General Introduction 
 
1.1 Background and motivation for research 
 
Drylands cover about 40 % of the world’s land surface (Derner and Schuman, 
2007) and 70 % of productive drylands are degraded (UNCCD, 2011). The 
natural capital of these regions, including biological and economic resources, 
e.g. freshwater sources, vegetation and soil quality, is easily damaged (MEA, 
2005). These areas are characterised by temporal and spatial heterogeneity 
(Stafford Smith, 2008). 
 
Semi-arid areas can be productively used as rangelands. Varied vegetation types 
may be used as rangelands, including shrublands. Renosterveld is a grass- or 
shrub-dominated vegetation type within the fynbos biome. Renosterveld is a 
highly transformed and fragmented vegetation type with high plant diversity and 
endemism (Mucina and Rutherford, 2006; Bergh et al., 2014). Despite this 
wealth in terms of plant species richness, natural renosterveld remnants are 
fragmented within mostly transformed agro-ecological landscapes. 
 
Natural renosterveld remnants can be found on the Bokkeveld Plateau, in the 
Northern Cape Province of South Africa. This plateau has a varied underlying 
geology, giving rise to different soil and vegetation types. Even within broader 
vegetation types, there is spatial heterogeneity in terms of the vegetation 
communities found here. Two sub-types of renosterveld arise from the tillite and 
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dolerite clay soils on the Bokkeveld Plateau, Nieuwoudtville Shale Renosterveld 
and Nieuwoudtville-Roggeveld Dolerite Renosterveld (Mucina and Rutherford, 
2006). Both these vegetation types have been partially transformed into pastures 
and croplands, and the remaining natural veld fragments are used for sheep 
grazing. One of the most palatable sub-vegetation types of Nieuwoudtville Shale 
Renosterveld is dominated by an aromatic sub-shrub, Eriocephalus purpureus 
Burch.ex G.Don (wild rosemary, kapokbos). 
 
Biodiversity is the sum total of living species across all kingdoms of the natural 
world. The biodiversity of rangelands have been well-documented, and the 
vegetation which supports herbivores has been extensively studied, but the 
biodiversity belowground which underpins rangeland productivity and stability 
has received less attention (Tate, 2000; Moussa et al., 2009). 
 
Belowground biota is responsible for a suite of ecosystem functions. Soil 
microbes are at the bottom of the soil food web and are the most numerous and 
diverse of all soil organisms (Wurst et al., 2012). Their main functions in agro-
ecosystems are nutrient cycling and the maintenance of soil fertility (Wall et al., 
2007). Soil microbes are sensitive to environmental changes and are early 
indicators of disturbance (Bending et al., 2004). Agricultural practices, including 
grazing, may damage these belowground organisms and affect their ability to 
provide ecosystem services (Sylvain and Wall, 2011).  If these microbial species 
and their services are lost, they might only be recoverable with strong 
interventions, at considerable effort and expense. 
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1.2 Objectives 
 
1.2.1 Project aim 
 
To assess the vegetation and soil microbial and chemical characteristics of semi-
arid renosterveld rangelands. 
 
1.2.2 Targeted outcomes 
 
In order to achieve this aim, the following targeted outcomes were set: 
1) Assess the plant species richness and cover of Eriocephalus 
purpureus-dominated Nieuwoudtville Shale Renosterveld 
rangelands  
2) Analyse the soil chemical profile of E. purpureus-dominated 
Nieuwoudtville Shale Renosterveld 
3) Examine and describe the rhizosphere soil microbial ecology of 
E. purpureus 
4) Discover whether there are any relationships among aboveground 
and belowground findings in E. purpureus-dominated 
Nieuwoudtville Shale Renosterveld 
 
1.2.3 Research questions 
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1) How do plant species richness and cover differ on fragments of E. 
purpureus-dominated Nieuwoudtville Shale Renosterveld 
rangelands? 
2) How does the soil chemical profile differ among soil beneath E. 
purpureus individuals on various fragments of E. purpureus-
dominated Nieuwoudtville Shale Renosterveld? 
3) How does the soil rhizosphere microbial profile differ among the 
rhizosphere of E. purpureus individuals on various fragments of 
E. purpureus-dominated Nieuwoudtville Shale Renosterveld 
rangelands? 
4) Are there significant relationships between aboveground and 
belowground measures (vegetation, soil chemical and soil 
microbial) from various fragments of E. purpureus-dominated 
Nieuwoudtville Shale Renosterveld rangelands? 
 
1.3 Thesis structure 
 
In this project, I have made use of detailed ecological investigations. Plant and 
soil factors were investigated at plot level. A combination of field sampling and 
recording, laboratory analyses of soil samples, and interviews were used to glean 
data. Data were statistically analysed using multivariate techniques, including 
PCA. 
 
Chapter 1 introduces the motivation for the study, including the overall aim, 
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targeted outcomes and research questions. Chapter 2 establishes the scope of this 
study with a literature review encompassing all relevant topics; drylands, agro-
ecosystems, rangelands, renosterveld, soil and rhizosphere ecology, and the links 
between aboveground and belowground patterns and processes found in 
previous studies. Chapter 3 provides a detailed description of the study area. 
Chapter 4 presents the aboveground findings of the study; vegetation cover and 
diversity of untransformed renosterveld patches. Chapter 5 examines the 
microbial ecology of the rhizosphere soil of Eriocephalus purpureus, as well as 
the soil chemical composition. Chapter 6 links the vegetation and soil chemical 
and microbial parameters, and examines any relationships found. Chapter 7 
summarises the study, and offers management recommendations. Chapters 4, 5 
and 6 are written in journal article format, though, in order to avoid repetition, 
the description of the study area and study sites (Chapter 3) was not repeated in 
each of these chapters. Also, full terms and abbreviations are given the first time 
they are used, and subsequently, only the abbreviation. The results of the 
rhizosphere soil microbial analyses are included in both Chapter 5 and 6, but 
related to differing variables. The plant survey data are included in Chapters 4 
and 6, but described in terms of different contexts. 
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Chapter 2 Literature review 
 
2.1 Drylands 
 
Water is the limiting resource for life in drylands, which cover about 40 % of the 
world’s land surface (Derner and Schuman, 2007). There is no clear definition 
for drylands, but they are characterised by limited supply rates of water in the 
form of rainfall and/or snow (UNEMG, 2011). 
 
Drylands include hyper-arid, arid, semi-arid and sub-humid areas, and these 
areas are defined by the aridity index, the ratio of precipitation to potential 
evapotranspiration (P/PET) (Koohafkan and Stewart, 2008). Potential 
evapotranspiration is the maximum amount of water capable of being lost as 
water vapour (including transpiration from vegetation and evaporation from the 
soil) by a continuous stretch of vegetation in a given climate, region and time 
interval, when well-supplied with water (WMO, 1990). 
 
The P/PET ratio for the various areas are as follows: hyper-arid areas 0-0.05, 
arid areas 0.05-0.20, semi-arid areas 0.20-0.50, and sub-humid areas 0.50-0.65 
(UNEMG, 2011). Semi-arid areas not only differ from more arid areas in that the 
P/PET ratio is higher, but the timing of rainfall is also more predictable. Three 
main types of climate occur in drylands globally; tropical, continental or 
mediterranean-type climates, depending on the overall normal rainfall pattern 
(Koohafkan and Stewart, 2008).  
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The lack of water in an ecosystem has several implications, the most 
fundamental one being the inhibition of the ability of an organism to capture and 
use carbon (Huxman et al., 2004). The availability of moisture in drylands 
typically is spatially and temporally heterogeneous on multiple scales (Lambers 
et al., 1998), with changes over short (hours and days) and long (seasons and 
years) timescales (Huxman et al., 2004). Low precipitation and high potential 
evapotranspiration are associated with overall harsh ambient conditions which 
dictate that organisms that live within these constraints are adapted in trait or 
behaviour to avoid specific conditions. For plants this includes drought 
deciduousness and seed dormancy (Chesson et al., 2004). Despite limited and 
patchily-available resources, arid and semi-arid areas are the habitats of unique 
flora and fauna (O’Farrell et al., 2011). 
 
A prominent characteristic of arid and semi-arid areas is that they display high 
spatial and temporal heterogeneity (Stafford Smith, 2008). Topography plays the 
primary role in the control of the mechanics and processes by which landscapes 
operate, and vegetation a secondary role. Landscape diversity and connections 
between diverse landscape units are integral to the biological diversity 
maintenance and ecosystem functioning in drylands (Schlesinger and Jones, 
1984). 
 
Landscapes in arid and semi-arid regions typically contain a mixture of different 
vegetation types, e.g. shrub- and grasslands, with different dominant plant 
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growth forms, e.g. leaf-succulent shrubs and perennial grasses. Plant 
communities differing in common and dominant growth forms are controlled by 
different ecological processes, for example how nutrients and seed are 
redistributed by fauna, wind and water (Peters et al., 2006). Subsequently, their 
responses to environmental drivers such as disturbance, e.g. fire and grazing, and 
climate also vary (Peters et al., 2006). In these resource-limited environments 
perennial plants (especially shrubs) act as important zones of nutrient 
accumulation, or ‘islands of fertility’ (Noy-Meir, 1985). Due to their structure, 
shrubs intercept water and wind, which carry organic matter and dust particles, 
contributing to the accumulation of organic matter. Shrubs control the movement 
and transformation of water, nitrogen and other nutrients in water-scarce 
systems, and the patchy distribution of soil nutrients in drylands is associated 
with this phenomenon (Schlesinger and Pilmanis, 1998). 
 
Resource availability and soil organisms dictate how intermittent water pulses 
affect nutrient cycling and the soil nutrient pool (Austin et al., 2004).The 
regulation of water flow and storage is dependent on plant cover, the organic 
matter in the soil, and soil biological activity (Swift et al., 2004). Soil biota in 
turn are limited by organic matter and moisture availability constraints 
(Steinberger et al., 1984). These organisms play key roles in the biogeochemical 
and ecological functioning of terrestrial ecosystems (Wardle et al., 2004). Many 
organisms that live in the soil are adapted to water stress, and display coping 
mechanisms that enable them to survive until conditions improve (Williams, 
2007). 
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Although drylands, along with hillsides and rainforests, are characterised by low 
productivity (Scherr and McNeely, 2008), they account for two-thirds of 
agricultural land worldwide (Nelson et al., 1997). Areas with low productivity 
are referred to as ‘marginal’, and while the chief definition is economic 
(Schroers, 2006), the most important implication, in ecological terms, is that 
marginal lands are fragile and at risk of degradation (Wiegmann et al., 2008). 
The economic definition implies limitations rendering marginal lands less useful 
for agriculture, and constrained in delivering ecosystem services (Hart, 2001). 
Ecosystem services are the ecological processes and functions which underpin 
and better human well-being (Daily, 1997). 
 
The natural capital of drylands, including biological and economic resources, 
e.g. freshwater sources, vegetation and soil quality, is susceptible to damage 
through environmental changes and desertification (MEA, 2005). Through 
grazing, domestic livestock have significantly contributed to the degradation of 
drylands on a global scale (Asner and Archer, 2010). A reduced vegetation cover 
is one of the first signs of degradation in drylands rangelands (Hochstrasser et 
al., 2014). 
 
Traditional agricultural systems that employ strategies like nomadic pastoralism 
and shifting agriculture are sensitive to the lack of resilience in dryland systems, 
and respond in a way that preserves ecosystem services. These practical 
solutions to constrained (in time and space) resources are difficult to apply in 
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modern times, with human settlements the norm, higher population densities, the 
concomitant increased demand for food, and other economic and political 
pressures (UNEMG, 2011). 
 
The global human population is expected to reach nine billion by the year 2050 
(Tilman et al., 2002; FAO, 2015), and food production should increase by 60 % 
by 2050 to meet demand (FAO, 2015). To meet this demand, production systems 
may become increasingly intensively managed (with a higher requirement of 
nutrients, water, and pest control), as well as expanding into previously natural 
areas. This expansion is anticipated to be the most pronounced in developing 
countries and dryland regions (Jackson et al., 2005). 
 
The human populations that live in dryland areas are often more dependent on 
their immediate surroundings for their livelihoods, including the use of plants for 
food, forage, fibre and fuel (Stafford Smith, 2008). In order to ensure food 
security, as well as the preservation of vegetation biomass and biodiversity, 
drylands must be managed sustainably (Kang et al., 2013). 
 
Thus the protection of biodiversity and the sustainable production from natural 
resources that supports human life need to be considered, addressed, and 
practiced simultaneously (Tscharntke et al., 2012). 
 
2.2 Agro-ecosystems, biodiversity and ecosystem services 
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Agriculture is an economic activity, whether for subsistence or profit. Without it 
humans would have little food, fibre, or medicinal compounds to provide 
nutrition, clothing, health care and shelter. The term agriculture usually denotes 
two main activities; crop production and the raising of livestock. Agro-
ecosystems are natural systems that are altered by anthropogenic management in 
order to obtain desirable products (Swift et al., 1996).  
 
Simplification of a landscape is a characteristic of agriculture (Soini and 
Aakkula, 2007). This simplification can be to a greater (when intensively 
managed) or lesser (when extensively managed) extent (Swift et al., 1996), but 
both have ecological ramifications (Scherr and McNeely, 2008). The process of 
agricultural intensification includes the increased use of non-renewable, 
purchased inputs, e.g. inorganic fertilizers and agrochemicals (Jackson, 2007). 
The greater the intensity of land-use, and the higher the degree of management 
intervention, the lower the overall species diversity (Swift and Anderson, 1993; 
Frison et al., 2011; Brussaard et al., s.a.). Lower species diversity has a negative 
impact on agricultural sustainability (FAO, 2011; Frison et al., 2011).  
 
An example of this is the two different methods of growing coffee (Coffea 
arabica) in Central America. In an agroforestry system, traditional coffee 
varieties are shade-grown beneath a canopy of native trees, fruit trees and 
banana (Musa spp.) plantations, and inter-planted with cassava (Manihot 
esculenta) and other annual crops. This system is structurally similar to a forest 
(Swift et al., 1996). The modern, intensive monoculture promoted in Central 
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America (Babbar, 1993) consists of a single, sun-tolerant, short coffee variety. 
Native trees are removed, and herbicides and fertilizers are liberally applied 
(ICAFE-MAG, 1989). Perfecto and Vandermeer (2002) found higher species 
diversity of ants in shaded agroforestry coffee plantations, compared to 
conventional farming with only intermittent shade in Mexico. Perfecto et al., 
(1997) found a significant loss of arthropod diversity in modern monocultures in 
Mexico, as compared with traditional systems. 
 
For a continuingly healthy and productive landscape, the maintenance of 
biodiversity is crucial in order to ensure that renewal processes and ecosystem 
services, e.g. nutrient cycling, and pest and pathogen control are maintained 
(Swift et al., 1996; Jackson et al., 2005). These processes rely on biological 
components, and therefore the maintenance of biological diversity is key 
(Altieri, 1999; Jackson et al., 2005). Both the expansion and intensification of 
agriculture due to population growth, modern agricultural methods, globalisation 
of markets, and land-use changes result in the loss of biodiversity (Jackson et al., 
2005; Jackson, 2007; Frison et al., 2011). 
 
The term biodiversity is defined by The Convention on Biological Diversity 
as: ”…the variability among living organisms from all sources, including, inter 
alia, terrestrial, marine and other aquatic ecosystems and the ecological 
complexes of which they are part: this includes diversity within species, between 
species, and of ecosystems” (Heywood and Bates, 1995). South Africa became 
the 12th country to ratify the Nagoya Protocol (Greiber et al., 2012) early in 2013 
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(Brand South Africa, 2013). The Nagoya Protocol links the conservation of 
biodiversity, the sustainable use of it, and the traditional knowledge associated 
with it. 
 
Biodiversity can be sub-divided into four values (Nunes and Van der Bergh, 
2001). “Intrinsic” values include social, aesthetic and ethical beliefs; “utilitarian” 
values encompass both subsistence and commercial benefits; “serependic” 
(option or bequest) values denote the yet-to-be-discovered value, and finally, 
“functional” values. “Functional” values overlap slightly with “utilitarian” 
values, but differ in that they are those values which are not normally accounted 
for on any balance sheet, especially when it is in credit, e.g. clean air, water and 
uncontaminated soil.  
 
The term agrobiodiversity includes all plant, animal and microbial species 
occurring within agro-ecosystems, including predators, pollinators and 
decomposers, along with the various natural to transformed environments in 
which they interact (Jackson et al., 2005; Frison et al., 2011). Agriculture 
depends on agrobiodiversity, which can be sub-divided into two categories: 
Planned biodiversity consists of the plant and animal species chosen and 
managed by humans. Associated biodiversity is the ‘uneconomical’, or non-
accounted for plants, e.g. weeds, cover species, and trees in agro-forestry, 
animals, e.g. pests, soil fauna, indigenous herbivores and predators, and 
microbial species, e.g. symbionts and pathogens. 
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Changes in faunal and microbial diversity influence ecosystem functioning, e.g. 
in terms of pollination, pest control, nutrient cycling, and water use efficiency 
(Jackson et al., 2005). Changes in ecosystem function influences productivity 
and sustainability of an agricultural ecosystem (Swift and Anderson, 1993). Both 
planned and associated biodiversity provide important ecosystem services in 
agro-ecosystems (Tscharntke et al., 2012). Total biodiversity in agro-ecosystems 
is influenced by three major factors; food resources, habitat structure and micro-
climate (Swift et al., 1996). 
 
In agro-ecosystems, the relationship in space and time between different species, 
belonging to different genera, families, and all the way to kingdoms is more 
important than biodiversity per se (Swift et al., 2004). The maintenance of 
biodiversity lies, as it should, in the hands of the landowners and farmers who 
spend their days and lives in close proximity to the cyclical, dynamic pattern and 
processes which sustain the systems that humans have put into place to produce 
necessary goods and services (Milton, 1997; Kaljonen, 2006), and sustain the 
underlying ecosystems that we have but an inkling of (Van der Heijden et al., 
2008). 
 
Ecosystem functions are the minimum aggregated set of processes (including 
biochemical, biophysical and biological) that ensure the biological productivity, 
organisational integrity and perpetuation of an ecosystem (MEA, 2005). 
Ecosystem goods and services exist thanks to the biophysical and chemical 
processes performed by communities of living organisms (Swift et al., 2004). In 
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all agro-ecosystems, nutrient cycling and other ecosystem services that depend 
on biodiversity (both above- and belowground) need to be protected (Altieri, 
1999; Sylvain and Wall, 2011). Agrobiodiversity thus constitutes the natural 
capital of a region, sustaining systems for crop and livestock production, and 
ensuring food security (Jackson et al., 2012). 
 
DIVERSITAS, an international non-governmental biodiversity science research 
organisation, until recently hosted agroBIODIVERSITY*, a network that 
promotes the sustainable management of biodiversity in agricultural landscapes 
(Brussaard et al., s.a.). This inter-disciplinary network recommends an 
integrated landscape approach in order to achieve conservation and agricultural 
sustainability objectives. With this approach, all the multi-functional roles of 
biodiversity interactions within an agro-ecological matrix of natural habitats and 
managed areas are taken into account. 
 
*The Diversitas programs agroBIODIVERSITY and ecoSERVICES merged in 
January 2014 to become a project of Future Earth (Diversitas, 2014). 
 
2.3 Rangeland ecology 
 
Diverse ecosystems that are not suited to intensive agriculture due to edaphic, 
topographic or climatic restrictions can be productively used as rangelands 
(Holechek et al., 2004). Allen et al. (2011) define rangelands as “land on which 
the indigenous vegetation (climax or sub-climax) is predominantly grasses, 
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grass-like plants, forbs or shrubs that are grazed or have the potential to be 
grazed, and which is used as a natural ecosystem for the production of grazing 
livestock and wildlife”. Their definition includes natural grasslands, savannas, 
shrublands, deserts, steppes, tundras, alpine communities and marshes. 
 
The majority (88 %) of arid and semi-arid areas world-wide are managed as 
rangelands (Reynolds et al., 2007). Drought occurrences are common in these 
regions and the availability of natural resources fluctuates in time and space 
(Cousins, 1993). Globally, between 10-20 % of the ecosystems in arid and semi-
arid lands show a degree of degradation (Reynolds et al., 2007). The ability of a 
rangeland to recuperate depends mainly on the level of grazing intensity and the 
variation in rainfall (Mworia et al., 1997). Factors affecting rangelands include 
abiotic, e.g. climate and soil, and biotic factors such as grazing. Grazing is 
second to fire as the strongest disturbance factor worldwide in terms of plant 
biomass loss (Díaz et al., 2007). Grazing effects vary spatially at multiple scales, 
as herbivores graze selectively, and drylands are inherently spatially 
heterogeneous (Smith et al., 2012). 
 
The degradation of rangelands can be defined as a loss of productivity and 
diversity (Milton et al., 1994), loss in terms of the cover and biomass of native 
perennial plants (Reynolds and Stafford Smith, 2001), or a disturbance of 
biological cycles, which in turn leads to a loss in economic productivity. The 
disturbance of biological cycles results from land use, through various processes 
such as erosion, loss of soil quality (physical, chemical, and biological 
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properties), and the loss of natural vegetation (UNCCD, 2010). 
  
According to Scoones (1995), 59 % of livestock in Africa are based in semi-arid 
and arid regions. Rangelands cover 80 % of the land surface in South Africa, and 
sustain large amounts of livestock and game (Tainton, 1999; Hoffman and 
Ashwell, 2001). The grazing of domestic livestock is considered the major 
human-induced driver of degradation in arid and semi-arid rangelands in 
southern Africa (Downing, 1978; Wesuls et al., 2010). 
 
Rangelands have been transformed in terms of vegetation, and large areas have 
been diminished in terms of productivity since the colonization of southern 
Africa (Roux and Vorster, 1983; Dean and Macdonald, 1994; Dean et al., 
1995b). The consensus is that poor livestock management is the main factor for 
the significant changes in vegetation that have been observed in rangelands in 
South Africa (Roux and Vorster, 1983; Milton et al., 1994; Hoffman and 
Ashwell, 2001; Archer, 2004). 
 
Arid and semi-arid areas often suffer extreme climatic changes, and this 
exacerbates the difficulty in measuring the effects of climate and grazing 
(Hoffman and Cowling, 1987). Disentangling the effects of climatic patterns and 
stocking rates are fraught with difficulty (Dean and Macdonald, 1994; Seymour 
and Dean 1999; Archer, 2004), but studies have shown that the effects of heavy 
stocking rates are amplified by variations in rainfall (Meadows and Watkeys, 
1999; Dahlberg, 2000). 
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Rangeland theory falls roughly into two, philosophically opposing, camps. 
Equilibrium theory proposes that plants and herbivores are tightly coupled, and 
that overgrazing leads to the degradation of rangeland resources and the ultimate 
collapse of a rangeland system. Non-equilibrium theory proposes that the 
vegetation of areas that are subjected to a high level of climatic variability (and 
possible ensuing droughts) is easily diminished, and consequently there may not 
being enough food for herbivores (Behnke and Scoones, 1993; Scoones, 1995). 
This causes farmers in these areas to become economically unstable, especially 
as they may not be able to exploit spatial heterogeneity by utilising 
transhumance strategies. The key assertion of non-equilibrium theory is that 
livestock do not affect forage resources to the degree that rangelands are 
diminished. The inherent spatial and temporal heterogeneity in South African 
rangelands creates complexity to such a degree that linear concepts are 
inadequate to describe or predict responses (Richardson et al., 2005). South 
African rangelands can therefore be characterised by both non-equilibrium and 
equilibrium aspects (Campbell et al., 2006; Gillson and Hoffman, 2007). 
 
Fully functional and regenerative rangelands are dependent on functional 
diversity of organisms at many spatial and temporal scales, with intact ecological 
processes continually regenerating ecosystem services (Kremen et al., 2012). 
Blench and Sommer (1999) propose an ecosystem approach when assessing 
rangeland biodiversity. This approach stresses the importance of maintaining 
functional diversity (Bond, 1995), including fauna and flora to the micro-
 
 
 
 
 19 
 
organism level, in order to attain management or economic objectives. This 
approach acknowledges the cyclical, continually changing and adaptive 
character of natural ecosystems. Rangelands offer not only natural forage for 
livestock, but also function as habitats for wild fauna and serve as water 
catchment areas (Maczko et al., 2011). 
 
In arid and semi-arid rangelands, it is impossible to disentangle those ecosystem 
services that the production of livestock depends on from those that sustain 
overall ecosystem productivity and resilience, e.g. the regeneration of plants, 
nutritious forage, the provision of shelter from wind and shade in summer, and 
the supply of clean water (Daily, 1997; Binning et al., 2001). 
 
Herbivores are recognised as drivers of ecosystem productivity and vegetation 
composition, as they consume varying amounts of the net primary production 
depending on the type of ecosystem, e.g. grassland or forest. Selective grazers 
and browsers (e.g. domesticated sheep and cattle) can change the plant 
community composition by favouring palatable plants, and potentially disrupting 
their reproductive cycles, and ultimately contributing to their diminishment 
(Díaz et al., 2007). Sheep will consume the flowerheads of palatable plant 
species, e.g. Tripteris sinuata, thus arresting their reproductive cycle (Milton and 
Dean, 1995). 
 
Herbivore-effects on aboveground vegetation and belowground biotic 
communities can be divided into three categories. Effects on resource quantity: 
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Herbivory affects the pattern of carbon allocation in and root exudation of plants 
(Hamilton and Frank, 2001). Over the long-term, herbivory causes shifts in net 
primary production, and consequently the amount of dead organic matter that 
enters the soil, on which the decomposer communities feed (Bardgett and 
Wardle, 2003; McKeon et al., 2009). Effects on resource quality: Herbivory may 
increase the nutrient content of leaves and roots of plants, which increases the 
quality of the litter, and consequently that of soil organic matter (Hamilton and 
Frank, 2001). Conversely, herbivory may increase the production of plant 
secondary compounds, which lowers the litter quality (Rhoades, 1985). Effects 
on vegetation composition: Herbivory modifies the vegetation community in 
terms of functional composition by changing both plant cover and diversity 
(Midgley et al., 2010). Overgrazing of palatable plant species results in an 
increase in annual and unpalatable species (Todd, 1999). Riginos and Hoffman 
(2003) showed that shrubs decrease in abundance through reduced seed set in 
Namaqualand (in the succulent karoo biome) in response to heavy grazing. 
Changes in vegetation due to grazing in the winter-rainfall region of South 
Africa are well-documented, and show clear effects on both plant cover and 
diversity (Cupido, 2005; Kraaij and Milton, 2006; Todd and Hoffman, 2009), 
though these effects are not consistent. Heavy grazing in Namaqualand is further 
linked to a decrease in the proportion of perennial to annual plants in terms of 
abundance and species (Anderson and Hoffman, 2007). In general, sustained 
heavy grazing in the succulent karoo results in higher cover of unpalatable 
perennial plants, with an attendant decrease in cover and diversity of succulent 
and palatable non-succulent perennial plant species (Milton and Dean, 1995).  
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The removal of biomass changes the capacity of vegetation patches to capture 
resources (Rietkerk et al., 2000). 
 
Furthermore, livestock trampling causes soil compaction, increasing soil bulk 
density and reducing infiltration (Stavi et al., 2008), decreasing soil stability and 
structure by damaging biological soil crusts, and exposing soil aggregates to 
possible erosion by water and wind (Bowker et al., 2011; Eldridge et al., 2011). 
Herbivores contribute dung and urine to the soil organic matter pool (Frank and 
Groffman, 1998). These effects increase the inherent spatial heterogeneity in 
terms of soil resources found in water-limited environments (Wang et al., 2009). 
These influences vary in their effect on soil biological aspects, and these 
properties in turn affect aboveground plant production and diversity, and 
consequently herbivores (Bardgett, 2005). 
 
Changes in the plant community composition affects both the quality and 
quantity of litter that enters the soil food web (Chapin et al., 2002), consequently 
altering the soil decomposer community composition (Bardgett, 2005). A 
reduction in the litter layer on the soil surface alters the soil microclimate 
(Golodets and Boeken, 2006), increasing evaporation, reducing soil moisture 
and infiltration (Bromham et al., 1999). 
 
Dryland soils typically are slow to recover post-disturbance, and areas that have 
been grazed long-term may show legacy effects in terms of carbon and nutrient 
cycling processes (Eldridge et al., 2011). Furthermore, the legacies of draught 
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and grazing are heterogeneously arranged in space and time (Lyford et al., 2003). 
 
Stocking refers to the number of animals on a specific area (normally expressed 
as unit per hectare). Stocking is a management decision in terms of place, 
timing, frequency and intensity (Sayre et al., 2001). Grazing is an ecological 
influence that flows on from stocking, and refers to the physical defoliation of 
plants by grazers or browsers, trampling (which may lead to soil compaction), 
urination and defecation (Wilson, 1990). This distinction is important. Stocking 
may be managed and measured per camp, but grazing in semi-arid rangelands is 
typically spatially heterogeneous and requires specific measurement to be fully 
accounted for (Samuels, 2006; Witmore, 2007; Smith et al., 2012). This 
heterogeneous use may be due to topography, forage availability and preference, 
and seasonality, or to other aspects of extensively managed systems, e.g. the 
location of water points. Rangelands are not only grazed heterogeneously, but 
the disturbance effects are also patchily distributed across a grazed area (Smith 
et al., 2012). Beyond a certain threshold, these effects diminish landscape 
functional integrity. 
 
Rangelands are managed in different ways depending on ownership (communal 
or private commercial), and the animals that they support (livestock or game). 
These management systems differ in terms of stocking rates, animal diversity, 
overall management ethos, and products (Smet and Ward, 2006). Given that 
commercial agricultural systems are managed for profit (realised by the 
maximum output of animal production), the implicit, but even more important, 
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goal is sustained and continuing livestock production at an acceptable level to 
the farmer. 
 
The aim of overall rangeland health not only confers higher productivity and 
resilience to a rangeland ecosystem, but also affords a potentially larger income 
for the landowner, in addition to the delivery of ecosystem services. (Milchunas 
and Lauenroth, 1993; Wessels et al., 2007; Teague et al., 2009, 2011). 
 
The health of rangeland animals is directly related to the quality of the forage 
available to them. Increased plant species richness equals more phytochemical 
variety, leading to better overall health, which confers higher immunity and 
more resilience to pathogens, and extreme climatic conditions (Frison et al., 
2011; Provenza et al., 2013). Ranchers with access to vegetation types which 
host higher plant diversity benefit in running healthier herds, with lower 
expenditure on veterinary services. 
 
2.4 Renosterveld 
 
At the south-western tip of Africa is the smallest of the world’s six floral 
kingdoms (Takhtajan, 1986), the Cape Floristic Region (CFR). The CFR has the 
highest plant species-to-area ratio in the world (Bond and Goldblatt, 1984). 
About 9 000 species are found within this 90 000 km² region, of which 70 % are 
endemic (Goldblatt and Manning, 2000; Goldblatt et al., 2005). The CFR is 
notably richer in plant species than other mediterranean-type climate regions 
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(Cowling et al., 1996). 
 
The majority (70 %) of the CFR is made up of the fynbos biome (Mucina and 
Rutherford, 2006), but this region also contains succulent karoo, forest, and 
thicket biomes (Bergh et al., 2014). The succulent karoo also hosts high plant 
diversity (Driver et al., 2003), and both fynbos and succulent karoo are 
considered biodiversity hotspots (Mittermeier et al, 2004). Floristic affinities 
between these two biodiversity hotspots have led to proposals of a unified 
Greater Cape Floristic Region (GCFR) (Jürgens, 1997; Born et al., 2007). The 
GCFR is further delineated by rainfall seasonality, it falls west of the degree 
20.5ºE, distinguishing it from the all-year rainfall zone east of this longitude 
(Bradshaw and Cowling, 2014). 
 
The fynbos biome is made up of three floristically and ecologically distinct 
vegetation types (Bergh et al., 2014): fynbos, classified as a low, treeless, 
mediterranean heathland (Specht, 1979), and strandveld and renosterveld, both 
classified as mediterranean shrublands (Boucher and Moll, 1981; Mucina and 
Rutherford, 2006). There are more than 7 000 endemic species within fynbos, 
and approximately 1 000 endemic species in renosterveld (Low and Rebelo, 
1996). Renosterveld has previously been described as a transitional shrubland, 
an ‘ecotone’, i.e. not a distinctive veld type (Taylor, 1978), but Bergh et al. 
(2014) have shown that renosterveld is clearly an independent, although 
floristically transitional, vegetation type, rather than a subtype of fynbos, 
succulent karoo or thicket. 
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Renosterveld is ecologically distinguished from fynbos in terms of soil texture 
and overall fertility (Bergh et al., 2014). Renosterveld occurs on rich, fine-
grained soils derived from shale, granites, dolerites, mudstones, silcretes and 
limestones (Boucher and Moll, 1981). Fynbos occurs mostly on leached, sandy, 
nutrient-poor, acidic soils (Boucher and Moll, 1981), though there are exceptions 
(Mucina and Rutherford, 2006). The 29 different renosterveld units described by 
Mucina and Rutherford (2006) are divided according to geological subtype; 
there are 19 shale, five granite and dolerite, three silcrete and limestone, and two 
alluvium sub-types. 
 
The transition from renosterveld to fynbos is soil induced, but the changeover 
from renosterveld to succulent karoo and the other vegetation types of the CFR 
is most likely controlled by climate (Bergh et al., 2014). In general, renosterveld 
occurs in areas with rainfall between 250 and 600 mm per year in a typical 
mediterranean climate; dry, hot summers and cool, rainy winters, with the 
majority of precipitation falling in winter (Krug, 2004). The different 
renosterveld bioregions, or centres, do differ in terms of rainfall. West coast 
renosterveld occurs within a true mediterranean-type climate, whereas south 
coast renosterveld straddles the transition between winter-rainfall and a bimodal 
rainfall regime (autumn and spring). Mountain (inland) renosterveld types are 
typically too arid to be classified as truly mediterranean (Bergh et al., 2014). 
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Renosterveld is a fire-prone, evergreen, short (80-160 cm), small-leaved 
shrubland (Rebelo et al., 2006) characterized by Asteraceae, e.g. Eriocephalus, 
Helichrysum, Oedera, Pteronia and Relhania, though Rebelo et al. (2006) 
recognised four distinct structural categories of renosterveld; shrubland, tussock 
grassland, bulbland and grazing lawn. Renosterveld differs from fynbos in that it 
largely lacks restiods, ericoids and proteoids (Cowling, 1984; Moll et al., 1984; 
Rebelo, 1996). Renosterveld further differs from fynbos in that it harbours a 
higher abundance and diversity of grasses, leaf-succulent shrubs, and especially 
annuals (Cowling, 1990; Curtis, 2013) and geophytes (Cowling, 1990; Paterson-
Jones, 1998: Procheş, 2006). Mountain renosterveld is strongly affiliated to 
succulent karoo in terms of floristic composition and habitat (Taylor, 1978). 
Renosterveld occupied large proportions of the fynbos biome (Kruger, 1984) 
before it was transformed by anthropogenic pressures, e.g. urbanization, 
agricultural transformation, fire, and alien plant invasion (Low and Rebelo, 
1996). Figure 2.1 shows the pre-colonial and current extent of renosterveld. 
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Figure 2.1 Pre-colonial and current extent of renosterveld in the Greater Cape Floristic Region 
(Von Hase et al., 2003) 
Renosterveld is poorly conserved (Cowling et al., 1999) despite its global 
biodiversity importance (Cowling and Pierce, 1999) and regional conservation 
priority status (Rebelo, 1997). The various renosterveld types are allocated to 
lowland and mountain types, with lowland types further sub-divided into west 
coast and south coast centres (Mucina and Rutherford, 2006). The current status 
of renosterveld is Critically Endangered (SANBI and DEAT, 2009), with 
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between 4 and 10 % of the original extent remaining (Curtis, 2013). 
 
The origin of the name renosterveld is not certain. It could be derived from the 
often-dominant shrub Elytropappus rhinocerotis, colloquially known as 
“renosterbos” (Boucher, 1980). “Renoster” is Afrikaans for rhinoceros and the 
name may be due to sightings of the black rhinoceros (Diceros bicornis) in this 
vegetation type. It is claimed that black rhinoceros were the only animals that 
could browse E. rhinocerotis, which has phenol-rich leaves (Rebelo et al., 2006). 
An alternative explanation is that the vegetation appears grey, especially in the 
dry summer months, resembling the hide of a rhinoceros (Boucher, 1980). This 
thesis uses the term renosterveld throughout, as recommended by Boucher 
(1980). The name renosterveld implies that this vegetation always hosts E. 
rhinocerotis, but many renosterveld sub-types do not contain E. rhinocerotis at 
all, or only in negligible numbers (Bergh et al., 2014). 
Most natural veld renosterveld fragments occur as patches in an agro-ecological 
mosaic, which increases the structural diversity at a landscape level (O’Farrell et 
al., 2007). The continued presence of native plant species within this mosaic is 
fortunate, but to attain conservation goals these fragments should be bigger, and 
be protected from any further loss in terms of size and viability (Cowling and 
Bond, 1991; Kemper et al., 1999). The high conservation priority assigned to 
renosterveld is due to the fact that remaining renosterveld is highly fragmented, 
that the natural veld fragments mainly occur on privately owned land, and that 
they host high plant species diversity (O’Farrell et al., 2009). 
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Alien species, especially alien annual grass species, pose a well-documented 
threat to renosterveld (Milton, 2004; Musil et al., 2005). Factors such as fires, 
overgrazing, and nutrient enrichment create favourable conditions for the 
invasion of alien grass (Van Rooyen, 2003; Muhl, 2008; Sharma et al., 2010). 
 
All vegetation types which are used for grazing are affected by the kind of 
animals (species, breed, age) and manner, e.g. timing, rotation, season, and 
stocking load, in which they are grazed. Grazing effects on renosterveld seem to 
be predominantly in terms of plant community composition (McDowell, 1994; 
Musil et al., 2005). An increase in alien annual species and weedy indigenous 
geophytes, and a decrease in cover of perennial grass with increasing 
fragmentation, which is linked to increased grazing pressure, has been noted in 
south coast renosterveld (Kemper et al., 1999). Plant diversity and cover have 
been shown to be largely unaffected (McDowell, 1994; Curtis, 2013), though 
fine-scale vegetation responses to disturbances were noted due to edaphic and 
landscape heterogeneity (Curtis, 2013). 
 
Farmers benefit from the value of transformed renosterveld in terms of 
agriculture, with much of the original extent transformed into vineyards, wheat 
fields and orchards. The medicinal potential of plant species occurring in 
renosterveld is largely unexplored. Aromatic shrubs, e.g. Salvia spp., 
Eriocephalus spp., as well as geophytes may yield valuable substances for 
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aromatherapy and apothecary uses. For example, E. rhinocerotis is used as a 
traditional remedy for a variety of ailments, from headaches and fever to bladder 
and kidney infections (Thring and Weitz, 2006). The abundance of genetic 
material found in renosterveld can be used for the development of new cultivars 
of ornamental plants, e.g. Gladioulus spp., Freesia spp., and Babiana spp. 
 
Farmers further benefit from untransformed renosterveld with perennial native 
vegetation cover, which acts as a windbreak, protecting against wind erosion, 
facilitating infiltration and retaining valuable topsoil (O’Farrell et al., 2009). 
 
2.5 Soil ecology 
 
The soil, or pedosphere, is the outermost layer of the earth. It is at the interface 
of, and is formed and affected by, the interactions between the lithosphere, 
atmosphere, hydrosphere and biosphere (Brady and Weil, 2002). Soil ecology is 
the study of soil biological, physical and chemical characteristics and related 
processes, within the context of plant-soil feedbacks (Heneghan et al., 2008). 
Soils provide ecosystem services so important that there would be no life on 
earth without them (Haygarth and Ritz, 2009).  Ecosystem services are the 
regulating, supporting, cultural and provisioning services that ecosystems 
deliver, and that humans depend on and benefit from (MEA, 2005). 
 
Ecosystem services depend on sound ecosystem functioning, which depends on 
the intact abiotic and biotic components of an ecosystem (Brussaard, 2012). 
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These services include amongst others; the storage and provision of water to 
plants; the collection, absorption and storage of water and gradual release to 
streams and groundwater (preventing floods); the regulation of the storage and 
release of gases, including oxygen and greenhouse gases; the decomposition and 
the cycling of nutrients and wastes; and the habitat provision for a highly 
biologically diverse community of organisms (Lavelle, 2012). Soil loss through 
erosion, desertification, incorrect farming practices and pollution affect the 
delivery of soil-delivered ecosystem services (Wall, 2012). The conservation and 
restoration of soils are therefore of critical importance, and the Food and 
Agriculture Organisation (FAO) has declared 2015 the International Year of 
Soils (FAO, 2015). 
 
‘Soil quality’ is usually defined in terms of how well the soil functions relating 
to a specific use (Karlen et al., 2003). Garbisu et al. (2011) propose a broader 
definition for soil quality, as ‘the capacity of a soil to perform its ecosystem 
processes and services, while maintaining ecosystem attributes of ecological 
relevance’. The term ‘soil health’ is broader and more integrative: The capacity 
of soil, as a living system, to function; supporting biological production, 
promoting the health of plants and animals, and ensuring environmental quality 
(Doran and Zeiss, 2000). Soil health is an ecological characteristic, and is 
determined by soil organisms more than soil chemical properties (Van Bruggen 
and Semenov, 2000).  Humans rely on plant production (either directly or via 
animals) for satisfying their nutritional needs. Plants take up nutrients from the 
soil, and thus soil health is inextricably linked to animal and human health 
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(Antunes et al., 2012). 
 
The soil is a physically and chemically heterogeneous habitat, hosting organisms 
that have adapted to their spatially heterogeneous home (Wurst et al., 2012). The 
soil biological component, or soil food web, is the entire community of 
organisms that live (wholly or partly) in the soil (Beare et al., 1995; Ingham, 
2007). Soil biota are responsible for the transfer of energy and nutrients between 
the abiotic and biotic components of the soil, and between trophic levels. 
Trophic levels are levels of the food chain. The first level consists of 
photosynthesisers that capture energy from the sun, e.g. plants. The second level 
are organisms that consume photosynthesisers, and the third level are organisms 
that consume the second level organisms (Figure 2.2) (Wardle et al., 1998; 
Ingham, 2007). 
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Figure 2.2 The soil food web shows the trophic levels of underground soil biota, with the arrows 
depicting the movement of nutrients and energy (Ingham, 2007). 
 
All the domains (Bacteria, Archaea and Eukarya) are contained in one 
teaspoonful of soil (Torsvik and Øvreås, 2002). The soil biological community 
can be divided into groups according to body size; macrofauna (earthworms, 
termites, ants, spiders), mesofauna (springtails, mites), microfauna (nematodes, 
protozoa) and microbes (viruses, archaea, bacteria and fungi) (Wurst et al., 
2012).  
 
Soil biota can be divided into different functional groups which have similar 
traits, and that have similar effects on soil processes. These functions are not 
necessarily according to size class. Organisms in the micro- meso- and 
macrofaunal classes act as predators, detritivores and herbivores. Only microbes 
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do not function outside of their size class (Wurst et al., 2012). This functional 
belowground community is taxonomically more diverse than the community that 
is responsible for primary production (Swift et al., 2004). Soil fauna mediate 
many soil processes, including feats of ‘ecosystem engineering’; shredding and 
carrying of litter into the soil, developing soil porosity, and contributing to the 
aggregation of soil. Through these activities they shape potential habitats for, 
and consequently control the activity of, microbial communities (Lavelle et al., 
2006). 
 
Biogeochemical cycling is the “transformation and cycling of elements between 
abiotic and biotic matter across land, air, and water interfaces” (Madsen, 2008). 
Various belowground organisms perform, via direct and indirect means, 
biogeochemical function in the soil (Wolters, 1991). Direct means can be 
defined as a modification by an organism that can change the movement and 
transformation of elements (Beare et al., 1995). The soil biogeochemical and 
physical properties co-vary with microbial and invertebrate populations, 
showing how soil properties dictate habitat suitability for soil organisms (Ayers 
et al., 2009). 
 
The soil is not static, but biologically active, a living vault of continual dynamic 
change and adaptation (Wall et al., 2010). Identifying and monitoring the 
functional and structural diversity of soil biological communities can provide 
baseline data for agricultural practitioners and ecosystem managers. This data 
may be used to evaluate the effect of disturbances, treatments, management 
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decisions, and potential pathogens. In addition, monitoring changes in soil 
condition would be a useful tool in order to anticipate change in vegetation 
(Herrick and Whitford, 1995), as soil organisms drive vegetation change 
(Bardgett, 2005; Van der Putten et al., 2009). 
 
Soil microbes are at the bottom of the soil food web and are the most numerous 
and diverse of all soil organisms (Wurst et al., 2012). Microbes are organisms 
with body widths of less than 100µm, and this group consists of fungi, bacteria, 
archaea, and viruses (Wurst et al., 2012). The hugely diverse and large 
contingent of microbes present in the soil have through their long evolutionary 
history contributed much to the wealth of belowground interactions amongst 
organisms (Price, 1988). 
 
Traditional analyses of microbial populations rely on culturing bacteria and 
fungi on specific substrates, but only 1 % of microbes are culturable (White et 
al., 1996). As a result, culture-based techniques of assaying microbial 
populations give only a limited assessment of any given microbial community.  
Microbial assay techniques that represent an advancement on the culture-
dependent techniques can be classified into three groups: Biomass indicators, 
e.g. microbial biomass C and substrate-induced respiration; activity indicators, 
e.g. nitrification rate and enzyme activity; and diversity indicators, e.g. 
community-level physiological and genetic (molecular) techniques (Garbisu et 
al., 2011).  Although no single technique provides a complete representation of 
soil microbial characteristics, each technique provides a slightly different 
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perspective. A polyphasic approach using different techniques and measures 
leads to a more complete picture of soil microbial communities. 
 
Molecular techniques such as denaturing gradient gel electrophoresis (DGGE), 
terminal restriction fragment length polymorphism (T-RFLP) and quantitative 
polymerase chain reaction (qPCR) provide DNA analyses, so that specific 
species may be identified (Muyzer et al., 1993). Although the presence of certain 
genes are linked to specific functions, community-level profiles may be more 
useful towards understanding how microbes affect ecosystem functioning (Wurst 
et al., 2012). Functional diversity may be more important than diversity per se 
(Hooper et al., 2005; Reiss et al., 2009), as there may be considerable functional 
redundance in soil biological communities. 
 
Community-level physiological profiling (CLPP) measures microbial response 
to a range of carbon substrates, and so generate metabolic ‘fingerprints’. 
Examples of these qualitative assays include Biolog EcoPlates™ (Garland and 
Mills, 1991). These different metabolic ‘fingerprints’ differentiate communities 
from different soil systems (Garland and Mills, 1991), and under different plant 
types in the same soil type (Zak et al., 1994). The microbes need to be 
metabolically active in order to establish a total view of the whole community 
present in the sample. But this is not an in situ test; and the carbon sources in 
each well of the test plates are not the natural food of bacteria, environmental 
conditions in their natural habitat are very different from these plates, and the 
metabolic activities of the soil communities as a whole cannot be accurately seen 
 
 
 
 
 37 
 
(Bossio and Scow, 1995). 
 
All living cell membranes contain fatty acids (White et al., 1996). Phospholipid 
fatty acids (PLFA’s) break down very quickly on cell death, and the sum of 
PLFA’s is a good indicator of the living, active microbial biomass (Vestal and 
White, 1989; Zelles et al., 1995; Hill et al., 2000). PLFA analysis gives a 
holistic, quantitive picture of broad-scale bacterial and fungal groups (Zelles, 
1999; Kirk et al., 2004).  When PLFA profiles are analysed with multivariate 
statistical methods, metabolic ‘fingerprints’ of the microbial community are 
generated (Pothoff et al., 2006), providing a phenotypic analysis of the 
community structure (Haack et al., 1994; Bossio and Scow, 1998). PLFA 
analysis may also be more sensitive than nucleic acid based methods when 
attempting to determine shifts in a microbial community (Ramsey et al., 2006). 
Specific PLFA’s have also been used as biomarkers for the presence of certain 
microbial functional groups, e.g. gram-positive bacteria (Zelles, 1999), though 
this practice has been criticised and questioned (Frostegård et al., 2010). 
 
Fluorescein diacetate (FDA) hydrolysis assays measure microbial enzyme 
activity, providing an estimate of overall microbial activity. Enzymatic activity 
can be quantified using a spectrophotometer (Green et al., 2006). FDA may be 
particularly useful as a biological indicator in arid areas (Aseri and Tarafdar, 
2006) and is one of the most frequently and consistently used measurements to 
distinguish between different management systems (Green et al., 2006). 
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Microbial ecology can be defined as the study of interrelationships existing 
between microbes and their biotic and abiotic environment (Atlas and Bartha, 
1993). Investigating the microbial diversity can lead to the understanding the 
functional activity of microbes in their environments (Vestal and White, 1989; 
Garland and Mills, 1991; Zak et al., 1994). 
 
Microbes are sensitive to environmental changes and are early indicators of 
disturbance (Wurst et al., 2012). Microbe populations correlate well to soil 
physical and chemical parameters (Mijangos et al., 2006).  This makes them 
consistent and effective indicators of change (Bending et al., 2004), as they act 
as indicators of positive and negative effects of management practices in 
agriculture (Pankhurst et al., 1996; Sharma et al., 1998). 
 
2.6 Links between vegetation and soil biota 
 
Plants generally inhabit both domains of the terrestrial ecosystem, i.e. the 
visible, aboveground and the hidden, belowground, connecting and integrating 
these two domains through two processes (Wardle et al., 2004). 
 
Firstly, plants capture energy from the sun, fix carbon through photosynthesis, 
and exude carbon-rich compounds through their roots into the soil. These 
carbon-rich exudates provide food for soil-dwelling microbes, which are at the 
bottom of the soil food web (Wurst et al., 2012). Secondly, plants contribute 
organic matter through litter fall to the soil, providing food for soil organisms 
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that shred, decompose and mineralise the organic matter into inorganic mineral 
compounds, ready for plants to take up again (Ingham et al., 1985; Yeates et al., 
1993; Bardgett and Chan, 1999). This process of nutrient cycling is one of the 
essential ecosystem services dependent on multi-trophic interactions (Wall et al., 
2010). 
 
These interactions partly occur in, and depend on, the plant-soil interface, the 
rhizosphere, one of the ‘hotspots’ of soil biological activity (Beare et al., 1995). 
The rhizosphere is the several millimetres of soil immediately adjacent to the 
root structure (Bais et al., 2006). It is the zone in the soil of primary root 
influence (Beare et al., 1995) and the interface between plant roots, soil biota, 
and the physical and chemical attributes of soils (Hartmann et al., 2009). As 
such it varies temporally and spatially (Beare et al., 1995).  
 
An average of 17 % (Nguyen, 2003), and up to 40 % (Bais et al., 2006), of 
photo-assimilate carbon is allocated to root exudates in the form of ions, 
enzymes, mucilage, and carbon-containing primary and secondary metabolites 
(Bertin et al., 2003). The rhizospere effect, first coined by Hiltner in 1904 
(Hartmann et al., 2008) is the effect that this carbon-rich environment has, 
attracting more numerous microbes and generally hosting a more abundant soil 
microbial community than the bulk soil (Bais et al., 2006; Berg, 2012), although 
it may not be more diverse (Costa et al., 2006). 
 
The amount and composition of the root exudates depend not only on the plant 
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species, but also climatic conditions, herbivory, and the chemical, physical and 
biological components of the surrounding soil (McNear, 2013). Plants can 
stimulate or inhibit the presence of beneficial, commensal and pathogenic 
microbes through root exudates (Doornbos et al., 2012), directly influencing the 
composition and activity of the microbial community, and thereby affecting the 
rhizosphere soil in physical, chemical and biological ways (Ayres et al., 2004). 
Roots increase soil heterogeneity on individual plant scales through their 
specific architecture, growth, death, and decomposition (Bardgett, 2005). Plants 
exude substances through their root systems, which may lower soil pH, chelate 
minerals, releasing essential nutrients (e.g. Fe, Ca, K, Mg, and Na) and so play a 
role in nutrient cycling (Likens et al., 1977). 
 
Allelopathy was originally defined as the direct plant-plant effects via 
allelochemicals (Rice, 1984). The current definition is broader, and includes the 
effects of secondary plant compounds exuded by plant parts on the biotic and 
abiotic soil components and processes, which then affect other plants, either 
directly or indirectly (Inderjit and Weiner, 2001). These secondary compounds 
may influence soil abiotic factors, including mineral nutrients and nutrient 
dynamics belowground in natural ecosystems (Wardle et al., 1998). These 
compounds influence vegetation dynamics and community structure factors 
(Einhellig, 1999). Ecological factors, e.g. moisture, nutrient and light regimes in 
turn effect the action of these compounds (Einhellig, 1996; Inderjit and Del 
Moral, 1997).  
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One hundred gigatons of plant matter is produced globally each year, and 90 % 
is not consumed by herbivores, becoming the bulk of dead organic matter 
(Cebrian, 1999). Microbes depend on plants as their major source of organic 
matter, which they break down and mineralise from organic to inorganic forms 
(Bardgett, 2005). Plant community complexity dictates the spatial and temporal 
heterogeneity of plant litter that enters a soil system (Beare et al., 1995), and the 
more simple (i.e. monoculture) a vegetation patch becomes, the less 
heterogeneous the litter that it generates. Plant species vary in terms of their 
chemical composition, containing varying amounts of cellulose, lignin and 
mineral nutrients and having different rates of growth, senescence and 
decomposition (Swift et al., 1979: Gessner et al., 2010). 
 
In addition to litter chemistry and biomass, Eviner et al. (2006) demonstrated 
that plant species affect biogeochemical cycling directly and indirectly through 
plant traits. Direct effects include live-tissue chemistry and biomass. Indirect 
effects include the alteration of soil microclimate and soil bioavailable carbon by 
plant species. These authors discovered that plant species affect phosphorus and, 
principally, nitrogen cycling, even when litter effects are excluded. Furthermore, 
soil decomposer communities specialise in decomposing the litter produced by 
the plant species above them, a phenomenon called home-field advantage (Ayres 
et al., 2009a, 2009b), which further demonstrates the tightly linked nature of 
these organisms. 
 
Global climate change, ecosystem management and agricultural practices, 
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including grazing, all affect soil microbial communities (Bossio and Scow, 1995; 
Wardle et al., 2004). The effect of aboveground herbivores on soil biodiversity 
also shows idiosyncratic responses across different ecosystems. Factors that 
influence idiosyncratic responses include an organism’s life cycle, food, 
reproduction rate, and how populations spread and adapt to different habitats 
(Siepel and Van de Bund, 1988; Scheu et al., 1996). 
 
Studies on temperate grasslands in the United Kingdom have shown that sheep 
grazing increases soil microbial biomass and activity, nematodes and arthropods 
(Bardgett et al. 1997). Conversely, Sankaran and Augustine (2004) showed in a 
study in semi-arid grasslands in Kenya that removing herbivores increased soil 
microbial biomass in both a nutrient-rich glade and a nutrient-poor grassland. In 
addition, the intensity of grazing affects the fungal to bacterial ratio of 
decomposer communities. With heavier grazing, decomposition is dominated by 
bacteria, which is typical of intensively managed, high-input, fast-decomposing 
systems (Bardgett, 2005). With lighter grazing, the fungal decomposer system 
becomes stronger (Grayston et al., 2004). Fungal-dominated decomposer 
networks are typical of extensive, low-input, slow decomposing systems 
(Bardgett, 2005). 
 
The distribution, composition and size of soil biotic communities depend on 
microclimate, soil structure, soil chemical composition and resource availability 
(Wolters, 1991). The world-wide distribution of soil microbial communities are 
largely explained by soil properties such as pH and organic matter quality (C:N 
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ratio) (Fierer et al., 2009). In turn, resource availability dictates the presence of 
plant species and plant chemical characteristics (Herms and Mattson, 1992). 
 
Many microbes form symbiotic associations with plants, providing limiting 
nutrients, predominantly nitrogen and phosphorus (Chapin et al., 2002), and so 
stimulating plant productivity (Van der Heijden et al., 2008), nutrient cycling 
and plant community dynamics (Van der Heijden et al., 2009). These crucial 
functions performed by plant-associated microbial communities have earned 
them the name “the plant’s second genome” (Berendsen et al., 2012). 
Furthermore, through their functioning they maintain the soil structure; degrade 
pollutants; and biologically control plant and animal pests (Bossio and Scow, 
1995; Hill et al., 2000). 
 
The idea that belowground organisms help to regulate ecosystem processes, and 
that the relationship between aboveground and belowground organisms govern 
ecosystem functioning has gained increasing importance (Giller et al., 1997; 
Bardgett et al., 1998; Van der Putten et al., 2001). These functions include soil 
fertility and nutrient retention, water retention, and structural stability (Van 
Eekeren et al., 2009; Van der Putten et al., 2009). The value of relying on 
ecosystem self-regulation, rather than costly chemical inputs such as fertilizers 
and pesticides, is increasingly critical (Yeates et al., 1997). 
 
If these microbial species and their services are lost, they might only be 
recoverable with strong interventions, at considerable effort and expense. The 
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more complex the community (in terms of activity and diversity), and hence the 
network of interactions, the better the potential for adaptation, and survival 
(Garbisu et al., 2011). 
 
Understanding the various mechanisms that link of belowground biodiversity, 
ecosystem functioning, and aboveground biodiversity, is the only path to the 
successful maintenance and protection of soil functions.  And as above- and 
belowground links have repercussions on the rate and direction of vegetation 
change, this knowledge should enhance restoration projects (Van der Putten et 
al., 2009). The understanding of ecosystem response to change will only be 
complete once the physiology and ecology of soil microbes are understood 
(Zogg et al., 1997; Wolters et al., 2000). 
 
Measures taken in order to protect and promote biodiversity aboveground, may 
not necessarily benefit belowground organisms. Sylvain and Wall (2011) 
recommend including ‘knowledge of linkages between plant and soil biota in 
comprehensive biodiversity initiatives and policies’ as a logical ‘next step’ on the 
research agenda. High levels of biodiversity, both above and belowground, 
ensure that there are many possible interactions between species and guilds, and 
this hierarchical interface is needed for the development and maintenance of a 
diversity of resource microsites in the soil (Garbisu et al., 2011). 
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Chapter 3 Study area - The Bokkeveld Plateau and Nieuwoudtville 
 
3.1 Study area 
 
South Africa’s relatively narrow coastal zone is separated from the higher inland 
plateau by the Great Escarpment. The Bokkeveld Plateau is an oblong area of 
approximately 300 km² and forms part of the arid western edge of this geological 
feature at a particular degree square; 31°S, 19°E (Lemons et al., 2003). It is 
situated 300 km north of Cape Town at an altitude of 800 m.a.s.l. The 
Knersvlakte lies to the west, from which the Bokkeveld escarpment rises 
abruptly east from Van Rhynsdorp. Lower escarpments to the north and south 
lead to Namaqualand and the Cederberg respectively. To the east the Bokkeveld 
Plateau is bordered by the Hantam Mountains on the way to Calvinia (Lemons et 
al., 2003). Figure 3.1 shows the position of the plateau within the context of 
vegetation biomes. The map shows how the plateau forms a slim ‘peninsula’ of 
fynbos biome within a ‘sea’ of succulent karoo biome. 
 
The Bokkeveld Plateau is composed of Cape Supergroup rocks. Table Mountain 
Sandstone forms part of the Cape System. On top of the Cape System lies the 
Karoo System, represented here by sedimentary deposits of Dwyka-derived 
shales and tillite (Lemons et al., 2003; Bradshaw and Cowling, 2014). The 
Dwyka rocks were formed when the Karoo was covered by a glacier 300 Ma. 
The exposed glacier floor can still be seen south of Nieuwoudtville. 
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Figure 3.1 Map showing the study area and vegetation biomes of South Africa (SANBI, 2006). 
The Bokkeveld Plateau is indicated with a black rectangular box 
 
The dolerite sill was formed when molten magma was forced out between 
sedimentary layers, creating intrusions of igneous rock during the Jurassic 
Period between 180-135 Ma. The underlying geology of the Bokkeveld Plateau 
is shown in Figure 3.2. The underlying rock formations from west to east are: 
Table Mountain Sandstone, Dwyka-derived tillite, and dolerite clay. The 
correspondent soil types from west to east are oligotrophic sand on the Table 
Mountain Sandstone, fine grey/yellow tillite clay on the Dwyka-derived shales, 
and spongy dolerite vertisols, rocky dolerite koppies, and sandy dolerite karoo 
plains atop the dolerite sill (O’Farrell et al., 2009). 
 
The Bokkeveld Plateau fits onto the north-eastern edge of the Cape Floristic 
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Region and the winter-rainfall zone. There is a steep rainfall gradient on the 
plateau; with 550 mm falling on average per year at the top of the Bokkeveld 
escarpment at Van Rhyns' Pass, 350 mm at Nieuwoudtville, 10 km further to the 
east, and 150 mm at Calvinia, with increasingly summer rainfall, in the Nama 
Karoo, 70 km further from Nieuwoudtville to the east, and slightly to the south. 
There is also a less sharp gradient to the south towards the Cederberg, with the 
average annual rainfall falling to 200 mm approximately 20 km south of 
Nieuwoudtville (O’Farrell et al., 2007). 
 
Figure 3.2 Broad-scale geological map shows the main soil types on the Bokkeveld Plateau 
(Conservation Farming Project, 2004). 
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The total annual rainfall variation can be high. Temperatures are strongly 
seasonal, the highest average maximum temperatures of 31°C recorded in 
February and the coldest temperatures occur in June reaching on average 4°C. 
Frost is common in winter, but it only snows infrequently. 
 
The Bokkeveld plateau houses exceptional plant biodiversity, is a centre of 
endemism (Snijman and Perry, 1987; Manning and Goldblatt, 1997; Van Wyk 
and Smith, 2001), and has been identified as a priority area by Cape Action for 
People and Environment (C.A.P.E) (Pence, 2008) (see Figure 3.3). Alien grass 
invasion is considered to be the greatest threat to biodiversity on the Bokkeveld 
Plateau (Todd, 2008b). The prevalence of alien grass species is linked to 
disturbance (Todd, 2008a). 
 
Figure 3.3 Cape Action for People and Environment (C.A.P.E) broad priority areas (Pence, 
2008). 
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The sandy, nutrient-poor, sandstone-derived soils support fynbos vegetation. The 
nutrient-rich tillite and spongy dolerite underpin two renosterveld vegetation 
types (all falling within the fynbos biome), and the dolerite-derived karoo sands 
give rise to karoo shrublands (falling within the succulent karoo biome). 
 
Plant species are often only found on one soil type, e.g. Geissorhiza 
splendidissima (blue pride of Nieuwoudtville) is only found on tillite-supported 
Nieuwoudtville Shale Renosterveld. Conversely, floristic affinities between the 
two renosterveld types on the plateau may be illustrated by the two sister 
geophyte species that are endemic to the Nieuwoudtville area, one occurs on 
Nieuwoudtville Shale Renosterveld, Romulea sabulosa, and the other on 
Nieuwoudtville-Roggeveld Dolerite Renosterveld, Romulea monodelpha.  Even 
within sites on one soil type, there is patchiness in terms of where different plant 
species occur (Todd, 2010). 
 
The key environmental factors which influence vegetation types are geology, 
annual rainfall, temperature regimens and fire. In addition to soil properties, 
available moisture influences the plant distribution in this area, with the amount 
and timing of the rainfall paramount, but topography also playing a role in terms 
of mist and seepage (Helme, 2007). 
 
The natural geology and vegetation lends itself to particular land uses, which 
fragments the landscape further - the town of Nieuwoudtville is surrounded by 
an agro-ecological mosaic (O’Farrell et al., 2007). Farms surrounding 
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Nieuwoudtville are predominantly large and privately owned. Livestock is 
mostly sheep, with some cattle. Anthropogenic influences are primarily through 
tillage, cropping, grazing and the application of fertilizers, herbicides, and 
pesticides. The sandy soils set on top of Table Mountain Sandstone are used for 
the cultivation of rooibos and potatoes. Tillite soils, locally known as vaalgrond, 
or dull earth, have been tilled to wheat and oat croplands and Medicago spp. 
pastures, and are used as natural veld rangelands. The dolerite vertisols, locally 
known as rooigrond', or red earth, have been partially transformed into 
croplands, and are grazed. 
 
The two renosterveld types, Nieuwoudtville Shale Renosterveld and 
Nieuwoudtville-Roggeveld Dolerite Renosterveld (Mucina and Rutherford, 
2006) form part of the mountain centre renosterveld, which stretches from 
Nieuwoudtville to Oudtshoorn (Mucina and Rutherford, 2006). These are arid 
forms of renosterveld, displaying high floristic similarity at genus level (Bergh et 
al., 2014). They typically contain varying numbers of succulent karoo species, 
grading into succulent karoo in the driest areas (Bergh et al., 2014). These two 
forms of renosterveld could be viewed as a mesic form of succulent karoo 
(Campbell, 1985; Cowling et al., 1992). 
 
More than half of the original extent of Nieuwoudtville Shale Renosterveld has 
been transformed into pastures planted with Medicago spp., or cropped with 
wheat and oats, with only about 40 % of the original extent remaining as natural 
rangelands (Rouget et al., 2006). This vegetation type is classified as a 
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Vulnerable ecosystem (SANBI and DEAT, 2009), which means that it is less 
threatened than those lowland renosterveld types in the west and south coast 
centres which have been declared Critically Endangered (SANBI and DEAT, 
2009). However, the remaining fragments of Nieuwoudtville Shale Renosterveld 
are embedded in an agro-ecological mosaic of pastures and wheat fields 
(O’Farrell et al., 2007), and fragmentation in itself is a risk factor for any natural 
vegetation. 
 
This vegetation type is not homogenous, and consists of three sub-types, 
dominated by Merxmuellera stricta (Schrad.), Elytropappus rhinocerotis (L.f.) 
Koekemoer and Eriocephalus purpureus Burch.ex G.Don, respectively. The 
vegetation sub-types all boast a rich understorey of annuals and geophytes 
(Cowling, 1990; Manning and Goldblatt, 1997). M. stricta is a graminoid, and 
typically grows on drainage lines, and on previously burnt areas (Van der Merwe 
and Van Rooyen, 2011; E. Marinus, pers.comm.). E. rhinocerotis (renosterbos), 
the namesake shrub of renosterveld, is a fine-leaved shrub in the Asteraceae 
family. E. purpureus, wild rosemary, is an asteraceous sub-shrub. The vegetation 
dominated by E. purpureus is considered the most useful for grazing, as M. 
stricta is only palatable when young to cattle, and E. rhinocerotis is not 
palatable. 
 
Landowners around Nieuwoudtville have also diversified into flower tourism, 
attracting thousands of eco-tourism visitors each spring. O’Farrell et al. (2009) 
have shown that natural renosterveld fragments in this region also provide 
 
 
 
 
 52 
 
valuable ecosystem services, acting as windbreaks, reducing aeolian loads, 
conserving soil, and contributing to improved soil infiltrability of rainfall. It is 
evident that renosterveld in this region fulfils several biodiversity values: 
intrinsic, e.g. the aesthetic value of spring flower tourism; utilitarian, e.g. the use 
of natural vegetation as grazing forage for livestock; serependic, e.g. the 
undiscovered potential medicinal value of plant species, and functional, e.g. 
ecosystem services provided by untransformed renosterveld in terms of wind 
breaks, rain infiltration and soil retention services (O’Farrell et al., 2009). 
 
3.2 Study sites 
 
The camps on farms in this region are usually fenced according to vegetation 
type, and all the study sites are situated on camps of Eriocephalus purpureus-
dominated Nieuwoudtville Shale Renosterveld (Mucina and Rutherford, 2006), 
which are used solely for sheep grazing. E. purpureus is a palatable sub-shrub, 
and the veld sub-type dominated by this sub-shrub is typically grass-poor 
although palatable indigenous grasses, Ehrharta calycina and Chaetobromus 
dregeanus, are found among the shrubs. Nine study sites were chosen in four 
different camps. The unbalanced design was due to time and access restrictions 
preventing the complete surveying and soil sampling of camps on other farms. I 
made the decision to include all plots surveyed and sampled in full, i.e. 
vegetation survey in spring, and two subsequent soil samplings in summer and 
winter, to make use of the most replicates possible. 
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Three camps are situated on two privately owned farms, and one camp is located 
in a conservation area, Hantam National Botanical Garden (HNBG), managed 
by the South African National Biodiversity Institute (SANBI).  
 
The three camps on farms are subjected to different stocking regimes, and the 
camp on HNBG (which used to be a farm) had not been grazed for the last five 
years. Overgrazed camps could not be accommodated in this study, and the 
camps were not located on a stocking gradient. In addition, there were not 
enough replicates of any one stocking regime to incorporate the stocking data 
into any statistical analyses, though the data were taken into account when 
discussing the results obtained. 
 
3.3 Stocking data 
 
The camp sizes ranged from 15 hectares to 120 hectares (see Table 3.1). Season 
of stocking ranged from early-winter to early-spring, summer, and winter. Sheep 
breeds were either Merino or Letelle. Stocking was of mature sheep, or a mix of 
ewes and lambs, or young sheep. 
 
The largest camp (120 hectares) is rested every two or three years. The sheep are 
put on it after the first rains (typically May), when lambing starts, and left there 
for the entire winter, until early spring (September). The total stocking period is 
four to five months. During the last grazing season (2013), the camp was stocked 
with 177 ewes and 203 lambs (see Table 3.1). 
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Table 3.1 Stocking data for the study plots. Large stock units abbreviated to LSU. 
 
 
The smallest camp (15 hectares) is grazed in summer, after the spring flowering 
is over. One hundred lambs or young sheep are put on it for two weeks at a time, 
for two periods over the summer months, making a total of one month’s stocking 
per year (see Table 3.1). This camp is mostly grass veld, with only a small 
component of shrub veld (dominated by E. purpureus and A. capensis), and the 
sheep would mostly graze the grass veld at this time of year, as the shrub 
component is desiccated. 
 
One camp (the camp measures 30 hectares, but some of it has been tilled, and 
the natural, untilled rangeland patch is about 20 ha) is stocked with 45 ewes and 
50 lambs for one month during the winter (see Table 3.1). According to the 
farmer it is too dry during the summer months. 
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The camp which is situated on what used to be a farm, but is now a conservation 
area, had not been grazed for five years (see Table 3.1). Unfortunately the 
current owner (SANBI) does not have access to the historical stocking data. No 
tillage to the current owner’s knowledge was performed on this camp (E. 
Marinus pers.comm.). 
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Chapter 4 Renosterveld rangeland vegetation cover and diversity 
 
4.1 Introduction 
 
Vegetation and soil in drylands typically exhibit spatial heterogeneity (Stafford 
Smith, 2008). This heterogeneity is mostly attributed to abiotic factors such as 
topography, erosion, rainfall, and fire (Li et al., 2009; Ravi et al., 2009). As a 
consequence of these factors, the vegetation in arid and semi-arid areas typically 
contain a mosaic of vegetation types. The relative dominance of different species 
and functional forms (shrub, grass, or forb) are attributed to different responses 
to environmental drivers like disturbance and climate. Ecological processes, 
such as the competition for nutrients, and the redistribution of water, exert 
varying degrees of control according to the plant community structure (Peters et 
al., 2006). 
 
The level of plant and animal biodiversity predicts the level of internal 
regulation of functions within an agro-ecosystem (Altieri, 1999). The insurance 
hypothesis of biodiversity postulates that higher species richness insures 
ecosystems against a decline in functioning, as many species provide greater 
guarantees that some will maintain functioning even if others fail (Yachi and 
Loreau, 1999). The maintenance of functioning confers resilience, and the ability 
to reorganise post-disturbance, and this is considered to be more aptly viewed 
from a landscape level (Swift et al., 2004). Landscapes that consist of well-
connected fragments of natural vegetation at different seral stages have a better 
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chance of hosting biota that contribute to functional diversity, delivering those 
services that regulate and support overall production and ensure the stability of 
an ecosystem (Bengtsson et al., 2003; Swift et al., 2004). 
 
Drylands are often productively used as natural rangelands. Domestic livestock 
graze in a non-uniform manner, especially on varied natural vegetation, as 
opposed to planted pastures, and thus the effects of grazing are not homogenous 
(Smith et al., 2012). A great benefit of natural, diverse forage is the rich 
phytochemical diversity which the livestock ingest, with a positive effect on 
overall health (Provenza et al., 2013).  
 
The Bokkeveld Plateau bridges the Western and Northern Cape Provinces in 
South Africa and is located 300 km north of Cape Town. This plateau 
encompasses both biomes of the Greater Cape Floristic Region - Fynbos and 
Succulent Karoo (Jürgens, 1997; Born et al., 2007).  These two biomes are 
considered biodiversity hotspots (Mittermeier et al., 2004). Biodiversity hotspots 
are areas that contain exceptional concentrations of the world’s endemic plants, 
and that are undergoing transformation (Myers et al., 2000). 
 
Renosterveld is a diverse, fragmented and diminished vegetation type within the 
fynbos biome. Nieuwoudtville Shale Renosterveld (Mucina and Rutherford, 
2006) is found on tillite soils around Nieuwoudtville on the Bokkeveld Plateau, 
with only 40 % of its original extent remaining intact in the form of non-
contiguous fragments of varying sizes (Rouget et al., 2006). 
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Different patches of E. purpureus-dominated Niewoudtville Shale Renosterveld 
were investigated and assessed in terms of plant species richness and cover. The 
following hypotheses were formulated to guide the investigation. 
 
Hypothesis 1: Different patches of Eriocephalus purpureus-dominated 
Nieuwoudtville Shale Renosterveld vegetation are similar in terms of overall 
species richness. 
 
Hypothesis 2: Different patches of Eriocephalus purpureus-dominated 
Nieuwoudtville Shale Renosterveld vegetation are similar in terms of species 
richness of different plant growth form categories. 
 
Hypothesis 3: Different patches of Eriocephalus purpureus-dominated 
Nieuwoudtville Shale Renosterveld vegetation are similar in terms of cover of 
different plant growth form categories. 
 
4.2 Materials and methods 
 
4.2.1 Study area 
 
Refer to Chapter 3 for a full description of the study area and study plots. The 
nine study plots are all located on Eriocephalus purpureus-dominated 
Nieuwoudtville Shale Renosterveld (Mucina and Rutherford, 2006) used at 
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present or in the past as rangelands for the grazing of sheep. The study plots are 
situated on different camps which are subjected to differing stocking regimes, as 
described in Chapter 3. Camp 2 is situated in an area where the annual rainfall is 
lower (200 mm p.a.) than the areas in which the other camps are situated (350 
mm p.a.). 
 
4.2.2 Rapid Renosterveld Assessment Method 
 
The Rapid Renosterveld Assessment Method (Milton, 2007) was developed in 
2007 by a team of specialists, but has to date not been tested in the field. It was 
developed as a method to be used by farmers and scientists, and designed to 
bridge the usual dichotomy between farming and conservation. Renosterveld is 
valuable both as an agricultural resource, and a richly biodiverse vegetation type 
(Milton, 2007).  This method incorporates data from (1) plant surveys, (2) 
geographical data, and (3) interviews. 
 
4.2.2.1 Plant surveys 
 
Plant surveys were conducted on the study sites during September 2012, in 
accordance with the Rapid Renosterveld Assessment Method (Milton, 2007). 
Spring is the chief flowering season in this vegetation type, starting slowly in 
July, peaking in August and September, and tapering off in October of each year. 
A 5x20 m (100 m²) plot was staked out and all plant species occurring within it 
were noted and added to calculate total plant species richness. In addition, a 50 
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m-transect was measured alongside the plot and 50, 1 m apart, canopy strikes 
noted with the descending-point method, in order to calculate plant cover. Plant 
species found were allocated to plant growth form categories. For plant species 
richness the categories were as follows: annual grass, perennial grass, geophytes, 
non-succulent shrub, leaf-succulent shrub, stem-succulent shrub, indigenous 
forbs, and alien forbs. For cover the categories, in addition to the above, were 
duff (dead plant material still attached to a plant), litter (dead plant material not 
attached to a plant), rock, bare (meaning bare ground), biological soil crust, and 
the two most commonly found non-succulent shrubs found were allocated to 
their own categories; Eriocephalus purpureus and Asparagus capensis. The use 
of broad plant growth form categories instead of species aids the discernment of 
general patterns in response to livestock disturbance (Wesuls et al., 2010). 
 
4.2.2.2 Geographical data 
 
Latitude and longitude for each plot were recorded with a handheld GPS, and the 
slope and aspect recorded. The size and shape of the fragments of natural veld 
on which each study site is situated, was calculated from GIS imagery supplied 
by Google Earth. 
 
4.2.2.3 Farmer/land manager interviews 
 
Semi-structured interviews were conducted with the three farmers/land 
managers, using the basic questions suggested in the Rapid Renosterveld 
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Assessment Method (Milton, 2007).  The following information was obtained 
for the three camps on each farm: size of the camps, stocking periods and 
season, and the number, age and breed of sheep. The grazing records for the 
conservation area had unfortunately been destroyed. 
 
4.2.3 Statistical analyses 
 
PCA, a multivariate analysis technique which presents high-dimensional data in 
a low-dimension form for simplicity and clarity, was used to analyse data. 
Samples which are similar (in terms of the variables measured and shown) are 
displayed close together, and those that are different, far apart. The factor 
loadings, e.g. the contribution of each variable to the factors, are calculated 
though not shown on the PCA graph. Pearson correlation matrices were used to 
reveal relationship between variables. Chi-square analysis was used to ascertain 
whether there were significant differences between the overall plant species 
richness found on the various study plots. 
 
4.3 Results 
 
4.3.1 Hypothesis 1: Different patches of Eriocephalus purpureus-dominated 
Nieuwoudtville Shale Renosterveld vegetation are similar in terms of overall 
plant species richness. 
 
Chi-square analysis showed no significant differences in terms of overall plant 
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species richness among the various study plots. The chi-square value was 1.026 
(df=3, p=0.795). Table 4.1 shows the number of plant species found within each 
study plot. The plots in the same camp are depicted using the same colour (camp 
1=aqua, camp 2=yellow, camp 3=green, camp 4=apricot). Plots 7 and 9 showed 
the highest plant species richness of all the study plots. All camps were 
reasonably consistent in terms of plant species richness, except for camp 4 (plots 
8 and 9, with 49 and 63 species respectively). 
Table 4.1 Table showing the number of plant species found within each study plot. The plots 
in the same camp are depicted using the same colour. 
Plot number 1 2 3 4 5 6 7 8 9 
Number of plant species 55 52 53 57 57 61 67 49 63 
 
 
4.3.2 Hypothesis 2: Different patches of Eriocephalus purpureus-dominated 
Nieuwoudtville Shale Renosterveld vegetation are similar in terms of species 
richness of different plant growth form categories. 
 
The Pearson correlation matrix (not shown) revealed only one significant 
(α=0.05) correlation; between the variables leaf-succulent shrubs and geophytes 
(-0,779). The PCA (Figure 4.1) depicts the plant species richness (allocated to 
plant growth form categories) found in the nine study plots. This PCA explains 
54.64 % of the variation found among the nine study plots. The plots are 
numbered, and coloured according to the camps. The two variables with the 
highest factor loadings for the first PC (x-axis) are geophytes and leaf-succulent 
shrubs. The first PC distinguishes between plots on camp 1 (blue) from plots in 
camp 2 (yellow). Plots in camp 1 (plots 1 and 2) may show profiling according 
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to the first PC (x-axis), but not to the second PC (y-axis). This camp is the most 
heavily stocked (see Table 3.1). Camp 2 has not been stocked for the last five 
years. 
 
The most important explaining variables along the second PC (y-axis) are annual 
grass and perennial grass, and this PC mainly distinguishes between plots in 
camp 3 (plots 6 and 7) and plots in camp 4 (plots 8 and 9), although plots within 
camps 1 and 2 are shown to be dissimilar in terms of these two plant growth 
form categories. 
 
 
Figure 4.1 PCA showing the number of plant species according to plant growth form categories 
found in each plot. Plots in the same camp are shown in the same colour (camp 1=aqua, camp 
2=yellow, camp 3=green, camp 4=apricot). 
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Nieuwoudtville Shale Renosterveld vegetation are similar in terms of cover of 
different plant growth form categories. 
 
The Pearson correlation matrix (not shown) generated several significant 
correlations (α=0.05), including: Cover of the dominant shrub, Eriocephalus 
purpureus was negatively correlated to cover of both annual (alien) grass (-
0,919) and alien forbs (-0,925), and these two ephemeral plant growth form 
categories were also positively correlated to one another (+0,959). Cover of 
geophytes and leaf succulent shrubs were negatively correlated (-0,851), just as 
plant species richness of these two categories were negatively correlated. 
 
Figure 4.2 PCA showing canopy strikes, allocated to cover of the various plant growth form 
categories, found per 50 m-transect, which is an indication of cover (camp 1=aqua, camp 
2=yellow, camp 3=green, camp 4=apricot). 
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The PCA shown in Figure 4.2 depicts the canopy strikes per transect (allocated 
to plant growth form categories) alongside each of the nine study plots. The PCA 
explains 60.99 % of the variation shown among the study plots. The plots are 
numbered, and coloured according to camp, and it shows that study plots in the 
same camp are not necessarily similar in terms of plant cover of the different 
plant growth form categories. The first PC mainly separates out the plots that 
had more alien (annual) grass from those that had more duff (negatively 
correlated in the Pearson matrix, -0,706). Plots in camp 1 (plots 1 and 2) show 
strong profiling according to both the first and second PCs (x- and y-axes). Plots 
in camp 2 (plots 3, 4 and 5), camp 3 (plots 6 and 7) and camp 4 (plots 8 and 9) 
show weaker profiling, and only according to the first PC (x-axis). The most 
important explaining variables for the second PC (y-axis) are rock and biological 
soil crust (positively correlated in the Pearson matrix, +0,725). This PC 
distinguished between plots on the same camp in terms of the absence or 
presence of these two positively associated variables. 
 
4.4 Discussion 
 
4.4.1 Hypothesis 1: Different patches of Eriocephalus purpureus-dominated 
Nieuwoudtville Shale Renosterveld vegetation are similar in terms of overall 
plant species richness. 
 
Chi-square analysis showed that the differences in overall plant species richness 
among the various study plots were not significant. This hypothesis is not 
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rejected. Todd (2010) found 42 species on same-sized plots north of 
Nieuwoudtville, but he contrasted these findings with the mean species richness, 
over 70 species in similar-sized plots, previously found south of Nieuwoudtville. 
The plant species richness found (between 49-67 species) in this study are thus 
lower than what has been previously found on Nieuwoudtville Shale 
Renosterveld, but higher than some other fragments of this vegetation type. The 
differences among the study plots could be ascribed to soil factors, which will be 
further discussed in Chapters 5 and 6.  
 
4.4.2 Hypothesis 2: Different patches of Eriocephalus purpureus-dominated 
Nieuwoudtville Shale Renosterveld: vegetation are similar in terms of species 
richness of different plant growth form categories. 
 
The plant survey results in terms of plant species richness show only partial 
profiling according to camps. The plots are quite widely spread within the PCA 
(Figure 4.1), indicating that the plots were quite different in terms of the number 
of plant species (allocated to different plant growth form categories) found. This 
hypothesis is rejected. Plots were mainly distinguished on the basis of high 
species richness of leaf-succulent shrubs vs. high species richness of geophytes. 
This may be explained by the fact that more (up to five) species of leaf-succulent 
shrubs were found on the plots situated in the camp (1) that receives overall less 
rainfall (approximately 150 mm less per year) than the other camps, so this 
distinction may be due to climatic factors, rather than the influence of the 
stocking regime. Renosterveld grades into succulent karoo with increased aridity 
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(Bergh et al., 2014), and the succulent karoo biome is exceptionally rich in 
succulent plants, including leaf-succulent shrubs (Driver et al., 2003). 
 
Plots were further distinguished on the basis of varying species richness in the 
categories perennial and annual (alien) grass. The study plots on camps 3 and 4 
profiled according to the PC with these two variables as strongest contributing 
variables, with camp 3 (plots 6 and 7) most strongly associated with annual 
(alien) grass, and camp 4 (plots 8 and 9) most strongly associated with perennial 
(indigenous) grass. The difference in terms of stocking regime between these 
two camps were that camp 4 is only grazed in winter, and camp 3 is only grazed 
in summer. Only one species of annual (alien) grass was found on all the study 
plots, Avena fatua, which is palatable. Two species of perennial (indigenous) 
grass were found, Chaetobromus dregeanus and Ehrharta calycina, both are 
considered palatable. 
 
This is a favourable finding overall, as there are other alien grasses found on 
Nieuwoudtville Shale Renosterveld; Bromus diandrus (brome) and Vulpia 
myuros (rat’s tail) (Todd, 2008). B. diandrus and V. myuros have sharp seeds 
(Musil et al., 2005), rendering them unpalatable, and they may easily increase in 
abundance (Todd, 1999). The prevalence of alien grass is linked to disturbance 
in the form of tilling and livestock presence, as the enrichment by livestock urine 
and dung creates soil that is conducive to the growth of these grasses (Todd, 
2008). In this study, the camp which had the highest number of alien species, 
both grass and forb, has never been tilled, nor has it been heavily grazed, so 
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these results cannot be linked to overgrazing. 
 
4.4.3 Hypothesis 3: Different patches of Eriocephalus purpureus-dominated 
Nieuwoudtville Shale Renosterveld vegetation are similar in terms of cover of 
different plant growth form categories. 
 
The PCA showing transect data (Figure 4.2) accounts for a higher percentage of 
variance found (60.99 %), and the plots show a tighter profiling according to 
camp, compared to the PCA for plant species richness (Figure 4.1). This 
indicates that cover, rather than plant species richness, is a better indicator to 
account for variances in terms of vegetation among the study plots. This 
hypothesis is rejected. The first PC distinguishes between plots that have higher 
cover of annual grass, from those that had higher cover of duff. The second PC 
distinguishes between plots that have higher cover of both rock and biological 
soil crust from those that do not. 
 
Biological soil crust can be disrupted by grazing animals, influencing their 
function in terms of nutrient cycling and soil surface stabilisation (Neff et al., 
2005). Biological soil crust and bare are in the same quadrant of the PCA, and 
have slightly similar factor loadings. Belnap and Eldridge (2001) found that 
biological soil crusts found between perennial plants were vulnerable to alien 
plant invasions, and that the vulnerability increased as grazing pressure 
increased. In this PCA, the plots separate out on the second PC, which means 
that the plots varied within each camp, therefore the stocking regimes cannot be 
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related to biological soil crust occurrence. In addition, the categories of alien 
forb and annual (alien) grass also loaded positively on the second PC, showing 
some positive association with biological soil crust, which is contrary to the 
findings of Belnap and Eldridge (2001). The presence of biological soil crusts is 
one of the factors affecting the redistribution of soil water availability, affecting 
water availability to plants (Schwinning and Sala, 2004). Though this does 
depend on the type of biological soil crust (Belnap, 2006), who found that the 
presence of biological soil crusts in cool and cold semi-arid areas improved 
rainfall infiltrability and reduced run-off. The results indicate that the presence 
of biological soil crusts in Nieuwoudtville Shale Renosterveld alter soil 
conditions, making a more favourable habitat for annual grasses and alien forbs, 
which may have higher water requirements than indigenous grass and forb 
species. 
 
Cover of annual (alien) grass was positively correlated to alien forbs (+0,959) 
and perennial grass (+0,675). The correlation between two categories of 
ephemerals, annual (alien) grass and alien forbs, could indicate a heavily grazed 
patch (Dean et al., 1995). But the stocking data (Table 3.1) does not support this, 
as the plots (1 and 2) in the most heavily stocked camp (1) are not strongly 
associated with cover of annual (alien) grass and alien forbs (Figure 4.2).. 
 
Todd (2008) found that the dominance of alien grass around Nieuwoudtville is 
related to disturbance legacies, and current management practices. Sharma et al. 
(2010) found a significant positive relationship between the biomass of Avena 
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fatua and nitrogen in the soil in a study in south coast renosterveld. Nitrogen is 
often added as a soil amendment for cropped areas, and some leaching may have 
occurred from the surrounding farms (Van Rooyen, 2003; Muhl, 2008). The 
relationships that were found in this study between soil chemical elements, 
including nitrogen, and vegetation, are discussed in Chapter 6. 
 
Studies in two winter-rainfall areas of South Africa situated in the Karoo and 
Bokkeveld regions have shown that high stocking rates and overgrazing affect 
the vegetation significantly, though no consistent response on different plant 
growth forms have been noted (Cupido, 2005; Kraaij and Milton, 2006; Todd 
and Hoffman, 2009). Grazing impacts interact with overall climate, and other 
disturbances, e.g. fire, and the response of vegetation varies according to these 
interactions (Curtis, 2013). Furthermore, fine-scale heterogeneity and edaphic 
patchiness dictate individual plant responses to disturbances (Curtis, 2013). 
Grazing can positively affect plants and ecosystem processes, but it plays a 
secondary role to soil characteristics (Todd, 2010). The soil factors measured in 
this study, and their interaction with the vegetation, are discussed in Chapters 5 
and 6 respectively. 
 
This study focuses on veld which is used for sheep grazing, but it does not 
compare grazing, as the data are for stocking rates, and not the physical effects 
of grazing - defoliation, trampling, urination and defecation (Wilson, 1990), nor 
the patterns of movement of stock within a camp (Samuels, 2006; Witmore, 
2007). The vegetation data generated supports this, as the study plots on the 
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different camps do not cluster tightly in the PCA’s (Figures 4.1, 4.2) according to 
camps. There is somewhat of a stratification along the first PC (x-axis) of the 
PCA depicting cover (Figures 4.2), with the camps clustering loosely from left to 
right along the first PC (x-axis): camp 1 (most heavily stocked), 2 (not stocked 
for the past five years), 4 (lightly stocked in winter), and 3 (lightly stocked in 
summer), though there are intra-camp variations in terms of plant species 
richness as well as cover. 
 
There was a limited number of study sites, which were not situated on a grazing, 
or climatic, gradient, and this prevents outright conclusions about rainfall or 
grazing effects. The different management regimes, as expressed in different 
stocking rates of a camp, do not translate into evenly and uniformly grazed 
camps (Samuels, 2006; Witmore, 2007; Smith et al., 2012). The lack of data for 
camp 2 (plots 3, 4 and 5) exacerbates the problem of assigning grazing intensity 
to these sites. They may not have been stocked for five years, but it is unknown 
how they were stocked for the decades preceding the conversion to a 
conservation area. The legacy of grazing persist over time, and is spatially and 
temporally unevenly distributed (Peters et al., 2006). The analysis of the specific 
grazing patterns within each camp was beyond the scope of this study, and no 
inferences could be made as to the specific effect of grazing on a certain patch of 
vegetation. 
 
The two categories for cover which are normally correlated to grazing intensity 
are bare (positive indicator) and herbaceous litter (negative indicator) (Naeth et 
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al., 1991; Northup et al., 2005; Fernandez et al., 2008). Although they are not 
significantly correlated in the Pearson correlation matrix, both variables have a 
similar factor loadings for the first PC (x-axis) and the second PC (y-axis) shown 
in Figure 4.2, though it has to be noted that no distinction was made between 
woody and herbaceous litter in this study. On the first PC the factor loading for 
bare is -0.321, and litter -0.302. On the second PC, the factor loading for bare is 
-0.355, and litter -0.498. Smith et al. (2012) found that patches of bare ground 
increased and litter decreased with increased grazing intensity, though litter 
showed a non-linear relationship with a decrease in grazing intensity. Piñeiro et 
al. (2010) showed the differences of grazing intensity from moderate to heavy 
had a negligible effect on litter. Schmalz et al. (2013) studied cattle grazing 
intensities on bunchgrass prairie in Oregon, and found that edaphic habitat types 
interacted strongly with stocking rate for the relative cover of litter, and that 
stocking rate also had no effect on the relative cover of bare ground. Naeth et al. 
(1991) found that the intensity and timing of grazing had the most effect on 
litter. The plots with the strongest association to both litter and bare were plots 5 
and 8. Plot 5 is located in the camp (2) which has not been stocked for the 
previous five years, and the other plots (3 and 4) in this camp are not associated 
with these two variables. Plot 8 is located in the camp (4) which is grazed for 
one month in winter, and plot 9, also located in this camp, also is not associated 
with these two variables, indicating that, in this study, the stocking regimes 
certainly could not be related to relative cover of bare ground and the presence 
of litter. 
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The camp with the highest stocking rate (camp 1; plots 1 and 2) shows 
consistently separate profiling, and tighter clustering on the two PCA’s showing 
plant species richness and cover of plant growth form categories (Figures 4.1, 
4.2). This may have something to do with the fact that it is in a drier area 
(receiving approximately 150 mm less rainfall per year than the other study 
areas), which would explain the higher species richness and cover of leaf-
succulent shrubs on these two plots (Bergh et al., 2014). The non-consistent 
results intra-camp preclude any deductions in terms of stocking regime (and 
assumed grazing) effects on the vegetation. 
 
Plant species richness in renosterveld does not seem to be adversely affected by 
grazing, though functional composition of plant communities are altered 
(McDowell, 1995; Musil et al., 2005). The criticism of livestock grazing in 
renosterveld includes the promotion of alien annuals and ‘weedy’ indigenous 
geophytes (Kemper et al., 1999), e.g. Ornithogalum conicum, which is toxic to 
livestock (Watt and Breyer-Brandwijk, 1962). In addition, the perennial grass 
component normally diminishes with increased grazing pressure, and the 
asteraceous shrub component increases (McDowell, 1995). Curtis (2013) found 
that grazing affected the size and productivity of the most palatable plant species 
in her study area of south coast renosterveld, but had no effect on plant diversity 
and cover. Furthermore, she found varied responses of vegetation to grazing and 
burning, due to edaphic patchiness and landscape heterogeneity. Radloff et al. 
(2014) found in a study on three structurally distinct south coast renosterveld 
types that grazing had a significant effect on lawn and tussock grassland 
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biomass, and that the exclusion of grazing from shrublands resulted in a 
palatable shrubland with a grass understorey. Palatability of any one plant 
species can differ from place to place, and this phenomenon, coupled with the 
complex effects of grazing, explains the highly varied responses of vegetation to 
grazing (McDowell, 1995). 
 
4.5 Conclusion 
 
The results show that although Nieuwoudtville Shale Renosterveld is 
homogenous in terms of plant species richness, it is not homogenous in terms of 
plant species richness and plant cover of plant growth form categories, which 
concurs with previous studies (Helme, 2007; Todd, 2010). These authors 
ascribed the variation in vegetation to soil and habitat differences. Although 
there was no significant difference among the study plots in terms of overall 
plant species richness, the species richness and cover of the different plant 
growth form categories differed among plots. 
 
This study does support the findings from previous studies, by Musil et al. 
(2005), O’Farrell et al. (2010), and Curtis (2013). O’Farrell et al. (2010) 
recommended that conservation efforts should focus on agro-ecological 
landscapes, embracing the ‘non-conservation’ activities that occur in them, in 
order to attain conservation targets (Pence, 2008; O’Farrell et al., 2009). These 
authors found that on-farm conservation of even the smallest fragment of natural 
renosterveld has positive landscape and plot-level effects - for overall 
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biodiversity, the integrity of the landscape, and animal health. Musil et al. (2005) 
suggest that fragments of natural renosterveld can be viewed as valuable seed 
and propagule sources, which would serve as irreplaceable resources for any 
future rehabilitation and restoration efforts. The study plots in this study hosted 
different species, and are rich in varying plant growth form categories, so they 
are clearly not replicas of one another, nor interchangeable in terms of the 
genetic material retained within them. The maintenance of biodiversity on all 
levels is needed for the continued viable existence of (south coast) renosterveld 
(Curtis, 2013). She proposes a network of reserves, encompassing all 
management styles and micro-habitats, in order to ensure conservation. 
 
The findings in this study do not indicate over-grazing of this vegetation type, 
and farmers should continue to utilise Nieuwoudtville Shale Renosterveld for 
sheep grazing in order to reap the benefits of the rich phytochemical diversity in 
terms of satiety and overall animal health (O’Farrell et al., 2007; Provenza et al, 
2013). The results of this study demonstrate the variability in vegetation cover 
and diversity of an arid mountain centre renosterveld sub-type: Eriocephalus 
purpureus-dominated Nieuwoudtville Shale Renosterveld. The astonishing 
diversity that the CFR region and the Bokkeveld Plateau are known for is further 
portrayed, within the context of an agro-ecological matrix. 
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Chapter 5 Rhizosphere ecology of Eriocephalus purpureus, a dominant 
shrub in renosterveld rangelands 
 
5.1 Introduction 
 
Dryland areas cover about 40 % of the land surface of Earth (Derner and 
Schuman, 2007) and ecosystems in these areas may be the most vulnerable to 
the effects of climate change (Körner, 2000). The predicted increase in 
temperature (Solomon, 2007) may reduce the functioning of biogeochemical 
cycles in drylands (Maestre et al., 2012). Characteristically displaying spatial 
and temporal heterogeneity (Stafford Smith, 2008), dryland areas are often 
water- and nitrogen-limited (Whitford, 1989). 
 
South African soils generally have a low humus content, and this, coupled with 
aridity, makes them vulnerable to degradation, compared to soils found in more 
temperate climates (Du Toit, 1938). Overall low levels of organic matter in 
South African soils have been further lowered by overgrazing, which has caused 
significant losses of soil organic matter, mostly resulting from lower biomass 
production (Du Preez et al., 2011a) 
 
Soils are living and adaptive systems, but their resistance to perturbation has 
limits (Ritz and Van der Putten, 2012). Soils are heterogeneous, formed by the 
legacies of geology, climate, vegetation and soil biota, all operating at different 
scales (Sylvain and Wall, 2011). The biodiversity of animals, plants and 
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microbes in the soil contribute to the functioning of this living ‘skin’ of the earth. 
It is the biota which live in the soil which support Earth’s provisioning of 
ecosystem services, e.g. nutrient cycling, carbon sequestration and the 
production of plants for the creation of food, clothing and shelter (Wall et al., 
2010). Soil biota play crucial roles in biogeochemical cycles (Wardle et al., 
2004; Gessner et al., 2010). The important role that they play emphasises the 
need to understand the physiology and ecology of these organisms in their 
natural habitat in order to better understand them (Zogg et al., 1997; Wolters, 
2001). 
 
Soil biological communities are shaped by factors such as soil solution 
chemistry, microclimate, soil structure and resource availability (Wolters, 1991). 
Soil type plays a large role in microbial community composition (Garbeva et al., 
2008; Berg and Smalla, 2009). Spatial heterogeneity in soil resources in terms of 
millimetres will affect habitat suitability for microbes. Organisms are influenced 
by the chemical composition of their environment, and influence their 
environment in turn (Barrett et al., 2007). Soil chemical parameters have been 
shown to co-vary with soil biological parameters (Mijangos et al., 2006; Pallarès 
Vinoyles, 2008). All biota require nitrogen for growth (Bardgett, 2005), and in 
natural systems, it can limit growth and activity of many organisms (Jackson et 
al., 2008). 
 
The effect that soil microbes and invertebrate organisms have on ecosystem 
functioning is the key to understanding the way in which biogeochemical cycles 
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are altered by human-driven system perturbations, and may aid us in protecting 
the integrity of the soil (Wall et al., 2010), in order to maintain the production of 
needed goods and services (Smith and Powlson, 2003). When analysing soil in a 
management context, it is important to use a variety of analyses, to ascertain the 
effect of actions on soil management quality, and microbial analyses may be 
more consistent than biochemical analyses in this regard (Bending et al., 2004).  
 
The present study aims to assess the soil, in terms of chemical and rhizosphere 
microbial characteristics, of natural veld fragments of Eriocephalus purpureus-
dominated Nieuwoudtville Shale Renosterveld (Mucina and Rutherford, 2006) 
which is used for sheep grazing. The objective is to investigate the soil microbial 
ecology, linking soil microbial with soil chemical parameters. Three hypotheses 
were formulated to guide this investigation. 
 
Hypothesis 1: Different patches of E. purpureus- dominated Nieuwoudtville 
Shale Renosterveld are similar in terms of soil chemical composition. 
 
Hypothesis 2: Different patches of E. purpureus- dominated Nieuwoudtville 
Shale Renosterveld are similar in terms of soil microbial activity and diversity. 
 
Hypothesis 3: Soil chemical composition and rhizosphere soil microbial 
communities co-vary in different patches of E. purpureus-dominated 
Nieuwoudtville Shale Renosterveld. 
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5.2 Materials and methods 
 
5.2.1 Study area 
 
Please refer to Chapter 3 for a full description of the study area and study plots. 
The nine study plots are all located on Eriocephalus purpureus-dominated 
Nieuwoudtville Shale Renosterveld (Mucina and Rutherford, 2006) used at 
present or in the recent past as rangelands for the grazing of sheep. The study 
plots are situated on different camps which are subjected to differing stocking 
regimes, as described in Chapter 3. 
 
5.2.2 Soil sampling 
 
5.2.2.1 Soil chemical sampling 
 
Soil was collected on 5 February and 19 June 2013 for the dry season and rainy 
season sampling respectively. The same five E. purpureus individuals chosen for 
the rhizosphere sampling, were used for the soil chemical sampling (45 
plants/samples per season in total). 
 
As each individual plant was dug up for the rhizosphere sample, 1 litre of the 
surrounding, loosened root-depth soil was taken for the chemical analyses and 
put into a large Ziploc® bag. Large stones and pieces of plant litter were picked 
out by hand. After collection the soil was placed on newspaper in a closed room, 
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allowed to air dry for two weeks, and then passed through a 1 mm sieve. 
 
5.2.2.2 Soil microbial sampling, dry season 
 
Five E. purpureus individuals were randomly chosen per study site (45 samples 
in total) and rhizosphere soil was collected from each one. The plants were dug 
up, the root-zone soil adhering to the roots shaken off, and the rhizosphere 
(Yanai et al., 2003) soil remaining on the roots carefully brushed into a specimen 
vial with a small paint brush, and immediately put into a cool box with dry ice. 
The samples were transported over dry ice. As not enough rhizosphere soil 
adhered to the roots of the E. purpureus individuals when dug up (the soil, and 
roots, were extremely dry), there was only enough soil to conduct Biolog 
Ecoplates™  (Biolog, Inc. Hayward, CA.) analyses on each plant. 
 
5.2.2.3 Soil microbial sampling, rainy season 
 
The same procedure was followed as for the dry season, and soil was collected 
on 19 June 2013. During the rainy season collection, the soil adhered well to the 
roots, and enough soil could be collected to, in addition to the Biolog 
EcoPlates™, also run Fluorescein Diacetate (FDA) analysis (a quantitative 
measure of enzymatic activity), as well as Phospholipid Fatty Acid (PLFA) 
analysis (a quantative measure of microbial biomass and diversity). The five 
rhizosphere samples from individual E. purpureus plants in each plot were 
pooled for the Biolog EcoPlates™ analyses, as the dry season results showed a 
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remarkably consistent profile per plot. The rhizosphere samples were also 
pooled for the PLFA analyses to save on costs, though the FDA analyses were 
performed on each individual sample. 
 
5.2.3 Soil chemical analyses 
 
5.2.3.1 Soil digestion 
 
A macro-Kjeldahl acid-digest on one gram from each sample with a sulphuric-
peroxide mixture (Allen et al., 1986) was carried out. The soil was wrapped in 
cigarette paper (Rizla brand, red) and placed in the bottom of a Kjeldahl flask. 
Five ml of the sulphuric-peroxide mixture was added and the flasks placed in a 
Gerhardt Block Digestion System. The digestion started at a low temperature of 
150⁰C for half an hour. Thereafter, the temperature was raised consecutively to 
250⁰C, 350⁰C, 380⁰C at half-hour intervals and finally to 395⁰C until a 
colourless solution was obtained. The samples were removed from the digestion 
block and allowed to cool. The digest was then diluted with deionised water and 
quantitively transferred into a 100 ml volumetric flask after filtering through 
Whatman no. 42 filter paper. It was then made up to volume using deionised 
water. Each sample solution was then transferred and stored in a 100 ml plastic 
bottle, and refrigerated. 
 
5.2.3.2 Cation analyses 
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The samples were analysed for Ca, Mg, K and Na using a Unicam Solaar M 
Series Atomic Absorption Spectrophotometer (AAS) with the flame system. K 
and Na were analysed using an air/acetylene flame, while Ca and Mg were 
analysed using a nitrous oxide/acetylene flame. 
5.2.3.3 Nitrogen analysis 
 
Total Nitrogen (N) concentration was determined using the Kjeldahl method 
with a K-350 Büchi Distillation Unit. Thirty ml of the sample solution was 
placed in a Büchi digestion tube. Excess of a 32 % Sodium Hydroxide (NaOH) 
solution was added to the sample and processed for 30 seconds. The distillate 
was collected in a 100 ml Erlenmeyer flask containing five ml 4 % Boric Acid.  
Five drops of methyl red indicator solution was added to the resultant mixture. 
The mixture was titrated with 0.01 M standardized hydrochloric acid (HCl) 
solution until a pale pink colour was obtained. The concentration of N was 
calculated using the following formula: 
N (mg/kg) = (ml standard acid – ml blank) x N of acid (0.01) x 1.4007 x 100 
weight of sample in grams (10 000) x 30 ml 
(Expotech USA, 2011). 
 
5.2.3.4 Phospate (PO4) analysis 
 
Five ml of a ten-times diluted version of each soil sample was taken with an 
auto-pipette and put into a 15 ml ‘Cellstar’ tube (Greiner Bio-One). Five drops 
of PO4 -1 reagent and 1 scoop of PO4 -2 reagent were added, shaken to dissolve, 
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and left for five minutes. The solution was poured into a ten mm cell and 
inserted into the spectrometer (Spectroquant® Pharo 300M), and a reading 
taken. 
 
5.2.3.5 pH 
 
The pH of each soil sample was determined using the ‘sticky point’ method. The 
samples of sieved and air-dried soil were used (as for the cation analyses). A 
standard amount (100 grams) was weighed from each sample and placed in a 
250 ml beaker. The soil was moistened with deionised water to  ‘sticky point’, 
forming a homogenous mass, with no separate water layer, before waiting for ten 
minutes and then measuring with an Orion 2 Star Benchtop pH meter, calibrated 
with buffers to pH 4, 7 and 10 (Cyster et al., 2010). 
 
5.2.3.6 Conductivity 
 
The same moistened soil of each sample was used to test for conductivity (after 
the pH readings had been taken). A soil cup was filled with the wetted soil, and a 
reading taken with a YSI model 35 Conductance Meter. The resultant reading 
(micro Siemens, µS) was multiplied with 0.301 (the cell constant, cm-1) to obtain 
micro Siemens per centimetre, µS.cm-1. 
 
5.2.4 Rhizosphere soil microbial analyses 
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All microbial analyses were carried out in the Plant Sciences laboratory at the 
University of the Free State following standard practices. Biolog EcoPlates™ 
were used to characterise the bacterial community in the dry and rainy seasons. 
PLFA and FDA analyses were also carried out in the rainy season. Average well 
colour development (AWCD) and carbon utilisation patterns (of the 31 carbon 
sources on the Biolog EcoPlate™) were recorded (Garland and Mills, 1991). 
AWCD is the mean of the absorbance values for the whole EcoPlate™ (31 carbon 
sources), read on a spectrometer, and averaged (Stefanowicz, 2006). The AWCD 
value represents the total potential metabolic activity of the bacterial community 
found in a particular sample. Carbon substrate utilisation patterns are a measure 
of diversity (Mele and Crowley, 2008). 
 
PLFA 18:2ω6 was used as an indicator for fungal biomass, and the sum of the 
following PLFA’s were used as an indicator of bacterial biomass: 15:0, i15:0, 
α15:0, 16:1ω7t, 17:0, i17:0, cy17:0, 18:1ω7 and cy19:0 (Frostegård and Bååth, 
1996). The presence of gram negative bacteria was calculated as the sum of 
cy17:0, 18:1ω7 and cy19:0 and the presence of gram positive bacteria was 
calculated as the sum of i15:0, α15:0, i16:0 and i17:0 (Bardgett, 2001) 
 
5.2.5 Statistical analyses 
 
The soil chemical and microbial results were statistically analysed with Pearson 
correlation matrices and PCA. ANOVA (General Linear Model) was carried out 
to check for significant differences among the soil samples in terms of soil 
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chemical parameters. Linear regression was carried out to ascertain whether 
there were any relationships between certain variables. Descriptive statistics (bar 
graphs) were used to further illustrate results. 
 
5.3 Results 
 
5.3.1 Soil chemical analyses 
 
Table 5.1 showed that all soil chemical parameters varied significantly (α=0.05) 
among the study sites. 
Table 5.1 Results from GLM-ANOVA for all soil chemical parameters 
Variable F-value P-value 
K 57.01 <.0001 
Na 131.09 <.0001 
Ca 2.78 0.0015 
Mg 39.57 <.0001 
N 2.44 0.0047 
P 38.83 <.0001 
pH 6.65 <.0001 
conductivity 17.19 <.0001 
 
 
5.3.1.1 Dry season 
 
The Pearson correlation matrix generated various significant (α=0.05) 
correlations: Potassium was positively correlated to magnesium (+0,883) and to 
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phosphorus (+0,526). Further significant positive correlations included; 
magnesium and phosphorus (+0,538) and nitrogen and conductivity (+0,507). 
 
The PCA showing the dry season soil chemical analyses (Figure 5.1) accounts 
for 52.08 % of the variation found among the plots. The three most important 
factor loadings for the first PC (x-axis) were magnesium (+0,915), potassium 
(+0,889) and phosphorus (+0,723). The two most important factor loadings for 
the second PC (y-axis) were conductivity (+0,810) and nitrogen (+0,766). 
 
 
Figure 5.1 PCA of soil chemical analyses dry season, per plant sample. Total variation explained 
by this PCA is 52.08 %. The samples are numbered per plot, and coloured according to camp 
(camp 1=aqua, camp 2=yellow, camp 3=green, camp 4=apricot). 
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The PCA separates plots that had high readings of magnesium, potassium and 
phosphorus from those that did not along the first PC. The second PC mainly 
separated plots that showed high readings of nitrogen and conductivity from 
those that had higher readings of sodium and calcium. The forty-five samples 
cluster somewhat according to plot and camp (plots are numbered, and coloured 
according to camp: camp 1=aqua, camp 2=yellow, camp 3=green, camp 
4=apricot). Plots in camp 1 (plots 1 and 2) cluster mostly according to the 
second PC, though all samples from these plots are positively placed on the first 
PC, showing that they had the highest readings of magnesium, potassium and 
phosphorus. Plots in camp 2 (plots 3, 4, and 5) are spread diagonally over the 
PCA, but plot 4 and 5 cluster according well in the third quadrant (positioned 
negatively on both PCs), showing that they had high readings of sodium and 
calcium. Plots in camp 3 (plots 6 and 7) and camp 4 (plots 8 and 9) cluster 
according to first PC, but also separate intra-plot on the second PC, showing that 
these plots were not homogenous in terms of soil chemical attributes measured, 
especially in terms of conductivity, nitrogen and sodium and calcium. 
 
5.3.1.2 Rainy season 
 
The Pearson correlation matrix generated various significant (α=0.05) 
correlations. Potassium was positively correlated to magnesium (+0,556), 
phosphorus (+0,378), and pH (+0,331). Sodium was positively correlated to 
calcium (+0,337), and negatively to nitrogen (-0,330). Further significant 
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correlations included: Magnesium and nitrogen (-0,381); magnesium and 
phosphorus (+0,452); nitrogen and conductivity (+0,400); and phosphorus and 
conductivity (-0,412). There were more significant correlations in the rainy 
season Pearson correlation matrix compared to that of the dry season. 
 
Figure 5.2 PC Analysis (PCA) of soil chemical analyses rainy season, per plant sample. The 
total variation accounted for is 50.02 %. 
 
The PCA of soil chemical analyses rainy season (Figure 5.2) accounts for 50.02 
% of the variation shown, which is similar to the dry season results (Figure 5.1). 
The two most important factor loadings for the first PC (x-axis) were 
magnesium (+0,754) and potassium (+0,709), which were also the two most 
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important factor loadings in the dry season. The three most important factor 
loadings for the second PC (y-axis) were sodium (+0,805), phosphate (-0.644) 
and calcium (+0,592), which were completely different from the most important 
dry season factor loadings on the second PC. 
 
Plots on camp 1 and 4 show clearer profiling, whereas plots on camp 2 and 3 
were more loosely arranged. The plots separate according to the first PC, 
distinguishing plots that had high readings of magnesium and potassium from 
those that had higher readings of conductivity and nitrogen. The second PC 
separated those plots that had higher readings of phosphorus form those that had 
high readings of sodium and calcium. Plots 1 and 2 (camp 1) were strongly 
associated with phosphates. Plots 6 and 7 (camp 3) were strongly associated with 
nitrogen and conductivity. Plots 3, 4, 5, 8 and 9 (camps 2 and 4) were strongly 
associated with sodium and calcium. 
 
5.3.2 Rhizosphere soil microbial analyses  
 
5.3.2.1 Biolog EcoPlates™ 
 
The results from both seasons are only combined in terms of the Biolog 
EcoPlates™ results, as this analysis was the only one carried out on the samples 
from both the dry and the rainy seasons. The Discriminant Analysis (DA) (not 
shown) indicates how well the five dry season samples in each plot profile 
according to plot, with a 99.3 % fit according to the pre-assigned groupings, i.e. 
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plots, and the individual samples were therefore pooled per plot in the rainy 
season. 
 
 
 
Figure 5.3 Bar graph of Biolog analyses results for both dry and rainy season, 
shown as Average Well Colour Development (AWCD) for the samples for each plot. 
 
Figure 5.3 shows a bar graph of Biolog AWCD results for both dry and rainy 
seasons. Rainy season results were all high, and dry season results show very 
low readings for plots 1-4 and 9, and very high readings for plots 5-8. The plots 
with the highest readings in the dry season (5, 6, 7, and 8) did not necessarily 
have the highest readings in the rainy season, though there is some inter-seasonal 
overlap (plots 6, 7 and 8), the plots with the highest readings in the rainy season 
were 2, 4, 6, 7, and 8.  
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Figure 5.4 This PCA shows both the dry and rainy season Biolog results in terms of carbon-
source utilisation, with days 4, 5 and 6 shown. The cluster of rainy season samples are 
emphasized with a blue oval shape. 
 
Figure 5.4 shows the PCA depicting the differences in potential bacterial 
metabolic functioning, as measured by Biolog carbon-source utilisation patterns, 
among study plots and between seasons. The total variation accounted for was 
47.51 %. This PCA shows that the rainy season results were similar (clustered in 
the fourth quadrant, within the blue oval). The dry season results showed a much 
looser arrangement, with more differences intra-camp, though there is a clear 
profiling by the plots with the highest dry season AWCD values (plots 5, 6, 7 
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and 8) on both axis. The plots with the highest AWCD values in the rainy season 
showed clear clustering according to the first PC. The strongest explaining 
variables for the first PC (x-axis) were D-malic acid (+0,873), a-D-lactose 
(+0,870), and D-galactonic acid y-lactone (+0,831). This PC distinguished 
between all rainy season samples (which were all high) and the dry season 
samples with high readings, from the dry season samples which showed low 
readings. The variables with the highest factor loadings for the second PC (y-
axis) were L-asparagine (+0,921), L-threonine (-0,896), and D-galacturonic acid 
(+0,886). The plots with the highest dry season readings were separated on the 
second PC from the plots in the rainy season along this PC. 
 
5.3.2.2 PLFA analysis 
 
Most fatty acids were not well represented within the samples. The only fatty 
acids with readings over 200 nmol/g were: 14:0, 16:0, 18:0 and 18:1ω9c. The 
bacterial to fungal ratios for the nine study plots showed no clear pattern per 
camp. Across all plots, gram negative bacteria were far more numerous. Gram 
positive bacteria were entirely absent in plots 1, 2, 3, 4, and 7. 
 
5.3.2.3 Fluorescein Diacetate (FDA) analysis 
 
FDA results were disparate intra- and inter-plot, indicating variation among the 
study plots in terms of microbial enzymatic activity. 
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5.3.3 Soil chemical and rhizosphere soil microbial analyses 
 
The results from the soil chemical and rhizosphere soil microbiological analyses 
are presented together, according to season. 
 
5.3.3.1 Dry season 
 
 
Figure 5.5 Dry season soil chemical analyses and rhizosphere soil microbial (AWCD) results. 
The vertical dashed blue line parallel and to the left of the y-axis separates those plots that 
showed high AWCD readings from those that showed low readings. Plots are numbered and 
coloured according to camp (camp 1=aqua, camp 2=yellow, camp 3=green, camp 4=apricot). 
 
Figure 5.5 Dry season soil chemical analyses and rhizosphere soil microbial 
(AWCD) results. The vertical dashed blue line parallel and to the left of the y-
axis separates those plots that showed high AWCD readings from those that 
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showed low readings. Plots are numbered and coloured according to camp 
(camp 1=aqua, camp 2=yellow, camp 3=green, camp 4=apricot). The first two 
PCs explain 59.55 % of the variation found among the study plots. The three 
variables with the highest positive eigenvector loadings for the first PC (x-axis) 
were magnesium (+0,495), potassium (+0,449) and phosphate (+0,405). The first 
PC (x-axis) mainly separated plots with higher readings from those with lower 
readings of these elements. The highest negative eigenvector loadings for the 
first PC (x-axis) were AWCD (-0,388) and conductivity (-0,356). Thus, plots 
with high magnesium, potassium and phosphorus had low AWCD readings, and 
plots with high conductivity had high AWCD reading. The vertical blue line 
separates those plots that showed high AWCD readings (plots 5, 6, 7 and 8), 
from those which showed low readings (1, 2, 3, 4, and 9). The variables with the 
highest eigenvector loadings along the second PC (y-axis) distinguishes between 
plots with high sodium (+0,478) from plots with high conductivity (-0, 461) and 
nitrogen (-0,454). 
 
The study plots in the same camp are not necessarily similar in terms of soil 
chemical composition or rhizosphere soil potential bacterial metabolic 
functioning, as shown by the AWCD. Plots in camp 4 (plots 8 and 9) show 
clustering on both PCs (x- and y-axes), but plots in camps 2 (plots 3, 4, and 5) 
and 3 (plots 6 and 7) show only loose clustering on the first PC (x-axis), and 
plots on camp 1 (plots 1 and 2) only show loose clustering on the second PC (y-
axis). 
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5.3.3.2 Rainy season 
 
Figure 5.6 shows the PCA of soil chemical means and FDA, PLFA and AWCD 
measurements for the rainy season. 
 
 
Figure 5.6 PCA of soil chemical analyses and rhizosphere soil microbiological, i.e. FDA, PLFA 
and AWCD analyses for the rainy season. Plots are numbered and coloured according to camp 
(camp 1=aqua, camp 2=yellow, camp 3=green, camp 4=apricot). 
 
The three variables with the highest positive eigenvector loadings for the first 
PC (x-axis) were magnesium (+0,387), potassium (+0,379) and pH (+0,332). 
The highest negative eigenvector loadings for the first PC (x-axis) were AWCD 
(-0,321) and nitrogen (-0,311). The variables with the highest positive 
eigenvector loadings along the second PC (y-axis) distinguishes between plots 
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with high PLFA (+0,563) and high conductivity (+0,531) from plots with high 
AWCD (-0,210) and sodium (-0,153) readings. 
 
The plots are numbered, and coloured according to camp. The study plots in the 
same camp are not necessarily similar in terms of soil chemical composition or 
rhizosphere soil microbial communities, though the plots show better profiling 
according to the first PC compared to the PCA for the dry season (Figure 5.5). 
Plots in camp 1 (plots 1 and 2) and camp 4 (plots 8 and 9) show clustering on 
both PCs (x- and y-axes), but plots in camps 2 (plots 3, 4, and 5) profile well on 
the second PC (y-axis) and profile loosely on the first PC (x-axis), and plots on 
camp 3 (plots 6 and 7) shows profiling on the first PC (x-axis). 
 
5.4 Discussion 
 
The results will be discussed relating to the three hypotheses introduced in 
Section 5.1. 
 
5.4.1 Hypothesis 1: Different patches of E. purpureus-dominated Nieuwoudtville 
Shale Renosterveld are similar in terms of soil chemical composition. 
 
The Pearson correlation matrix for the rainy season showed more significant 
correlations between variables, compared to that of the dry season. The PCA for 
the rainy season (Figure 5.2) depicts the plots and camps also showing similar 
profiling as for the dry season (Figure 5.1), and with plots per camp grouping 
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slightly closer together, indicating that the soil chemical readings were more 
similar intra-camp in the rainy season. 
 
The association of different plots with differing elements varied between 
seasons. High readings of phosphate was strongly associated with plots 1 and 2 
in both seasons, and also 3 in the rainy season. High readings of potassium and 
magnesium were strongly associated with plots 1, 2, and 3 in the dry season, and 
the same plots, with the addition of 4, in the rainy season. High readings of 
nitrogen were strongly associated with plots 6, 8 and 9 in the dry season and 6 
and 7 in the rainy season. And whereas plots on camp 4 (8 and 9) did not show 
any strong associations with elements in the dry season sampling, they showed 
strong associations with sodium and calcium in the rainy season. The ANOVA 
showed significant differences (p<0.05) for all chemical parameters, and this 
hypothesis is rejected. 
 
These results demonstrate how the soil in fragments of Nieuwoudtville Shale 
Renosterveld used as rangelands is not homogenous in terms of soil chemical 
characteristics, and that variation is evident even within camps. Grazing supports 
fine-scale, i.e. < 25 cm, heterogeneity in the soil (Augustine and Frank, 2001), 
through scattered dung and urine inputs (Piñeiro et al., 2010) and trampling 
(Stavi et al., 2008). The soil chemical composition is not static over time, and 
changes occur within a relatively short space of time (4 months in this study). 
Chemical elements in the soil are in constant flux, relating to biogeochemical 
processes that occur on varying spatial and temporal scales (Beare et al., 1995; 
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Bodelier, 2011). The composition and activity of microbial communities govern 
biogeochemical cycling, recycling organic matter and ensuring continuing 
fertility of soils (Bååth and Anderson, 2003). The availability of mineral 
nutrients is not only fundamentally linked to the soil microbial community, but 
also to the plant, and ultimately faunal, community which it supports. These 
links will be explored later in this chapter and in Chapter 6. 
 
5.4.2 Hypothesis 2: Different patches of E. purpureus-dominated Nieuwoudtville 
Shale Renosterveld are similar in terms of soil microbial activity and diversity. 
 
Similar utilisation of the various groups of carbon-sources in Biolog EcoPlates™ 
indicate similar metabolic profiles within bacterial communities 
(BushawNewton et al., 2012). The fact that high AWCD readings in the dry 
season were associated with similar carbon-source utilisation profiles, and low 
AWCD readings in the dry season were associated with disparate carbon-source 
utilisation profiles, may point to a loss of functional stability in those samples 
with low AWCD readings (Pallarès Vinyoles, 2008). 
 
The striking result is that the specific carbon-source utilisation echoes the 
AWCD result. The samples with the highest AWCD dry season results are 
similar, as the rainy season AWCD results (which are all high) are similar. This 
shows that the carbon-source utilisation differed seasonally, and that certain 
carbon sources, notably L-asparagine, a-D-galacturonic acid, L-arginine, and 
pyruvic acid methyl ester were used more in those samples with high AWCD in 
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the dry season, whereas the samples with high AWCD in the rainy season 
showed stronger utilisation of L-threonine, a-ketobutyric acid, 2-hydroxy-
benzoic acid, phenyl-ethyl-amine and 4-hydroxy-benzoic acid. These results 
indicate that microbial communities function differently according to the season. 
The lack of potential function in the dry season was alleviated in the rainy 
season, showing seasonal resilience.  
 
Bacteria and fungi form cysts and spores in order to survive unfavourable 
environments (Lavelle, 2012). Active microbes are more vulnerable to water 
stress (Williams, 2007), and, at any one time, most of the microbial community 
may be physiologically dormant in order to protect themselves from 
environmental stress (Chen and Alexander, 1973), and surviving until conditions 
improve (Bardgett, 2005). 
 
Within bacterial communities, gram-positive bacteria are more resistant to 
desiccation (Williams, 2007). The sum of PLFA’s (not shown) used as indicators 
of gram-positive bacteria were highest in plots 5, 6, 8, and 9, which overlap 
mostly with the plots which showed the highest dry season AWCD (plots 5, 6, 7, 
and 8). The highest readings for PLFA gram-negative bacteria (not shown), were 
plots 5, 6, 7, and 8 which corresponds perfectly with the highest readings of the 
dry season AWCD. Gram-negative bacteria were far more abundant than gram-
positive bacteria, and contribute more to the total bacterial communities on the 
various plots. Although the PLFA analyses were only carried out in the rainy 
season, the result, that all plots showed high gram-negative numbers, as 
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compared to gram-positive, and that gram-negative bacteria are more sensitive to 
drought conditions, may explain the low readings of the AWCD for those plots 
that had low readings of gram-negative bacteria. It may be that the communities 
in the soil of E. purpureus-dominated Nieuwoudtville Shale Renosterveld are 
characteristised by the presence of gram-negative bacteria, with strong seasonal 
dormancy within the bacterial community, as the vegetation is also largely 
dormant during the dry summer. 
 
Soil communities are not static, and change on daily, seasonal, and successional 
terms (Bardgett, 2005). Temporal changes in the soil biological community are 
confounded further by long periods of inactivity when resources, particularly 
water, are scarce. Bacteria that live in areas that experience seasonal variation in 
water availability have been shown to be more resilient to water stress (Fierer 
and Schimel, 2003), and the results concur with these previous findings. Further 
investigation would be useful, perhaps over the course of a rainy season, coupled 
with specific soil moisture measurements, in order to gain a fuller understanding 
of these results. 
 
The vegetation in the rainy and dry seasons could be classified as two differing 
systems, i.e. high- and low-productivity respectively. Soil communities are either 
predominantly bacterial-based, and characteristically inhabit fast-growing, short-
lived, fast-decomposing vegetation stands, or predominantly fungal-based and 
characteristically inhabit slow-growing, long-lived, slow-decomposing 
vegetation stands (Wardle et al., 2004). Nieuwoudtville Shale Renosterveld in 
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winter and spring may be characterised by the former, and in summer and 
autumn by the latter. The shrub component, including stem-, non- and leaf-
succulent shrubs, remains throughout the year, in addition to perennial grass. 
Possible links among the vegetation and the soil microbial community will be 
further explored in Chapter 6. 
 
The PLFA result shows poor representation of many fatty acids (not shown). Of 
the 26 fatty acids measured, ten showed zero values for all the samples, and 
twelve fatty acids had low readings. Of the four PLFA’s with the highest 
readings, three of the PLFA’s with the highest readings are normal saturated fatty 
acids; 14:0, 16:0 and 18:0, and 18:1ω9c is a mono-unsaturated fatty acid. 
Normal saturated acids are found in prokaryotic and eukaryotic organisms. A 
relative increase has been shown to correlate with decreased diversity of the 
microbial community (Microbial Insights, 2009), which corresponds with the 
overall poor representation of the PLFA’s measured. 
 
The ratios of bacterial to fungal biomass (not shown) often changes in response 
to management actions (Bossio et al., 1998; Frostegård et al., 2010). The ratios 
of the nine study plots were extremely diverse, and did not profile per camp, 
further emphasising the heterogeneous nature of the semi-arid landscape in 
which the study was conducted (Smith et al., 2012). Furthermore, these ratios 
could not be used to distinguish between different camps, i.e. stocking regimes, 
which was contrary to expectations. Heavier grazing tends to lead to systems 
dominated by bacteria, and lighter grazing often results in a fungal-dominated 
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decomposer system (Grayston et al., 2004). This result indicates that the 
stocking data is inadequate to account for grazing effects on the belowground 
microbial community, and that any future studies should include specific 
measurements of grazing effects, e.g. defoliation and trampling. 
 
High bioturbation of the soil is another characteristic of a bacterial-based soil 
decomposer community (Wardle et al., 2004). Previous studies (Bragg et al., 
2005; O’Farrell et al., 2007) have shown that there are many ecosystem 
engineers found in natural patches of Nieuwoudtville Shale Renosterveld. 
Porcupines, gerbils and earthworms all contribute to the bioturbation of the soil 
in this vegetation type. Furthermore, most of the study plots are used for winter-
grazing. The presence of livestock would increase the labile faecal deposits, 
which would also contribute to a more bacterial-based decomposer channel 
(Wardle et al., 2004). 
 
As there were no ‘pristine’ E. purpureus-dominated Nieuwoudtville Shale 
Renosterveld fragments with which to compare the fragments used as 
rangelands, it is not possible to surmise the original state of these fragments in 
terms of fungal vs. bacterial dominance of the decomposer web. If models from 
mull and mor systems (normally used to characterise forests) are used, 
renosterveld would be classified as more mull, i.e. more fertile, and fynbos 
would be an example of mor soils, i.e. less fertile and more acidic. The microbial 
decomposer networks in mull soils are characteristically dominated by bacteria, 
and those of mor soils, by fungi (Ponge, 2003). The result, that there was very 
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little fungal presence in the various samples, as indicated by PLFA analyses, may 
not necessarily indicate any perturbation in the decomposer system, but may be 
typical of renosterveld. Although nitrogen enrichment has been linked to shifts 
from fungal to bacterial dominance in hardwood forests (Frey et al., 2004), the 
bacterial to fungal ratios in the study plots do not show overall clear 
relationships in terms of linear regression (not shown) with soil nitrogen content 
across the study plots, nor with overall nutrient content (not shown). 
 
5.4.3 Hypothesis 3: Soil chemical composition and soil microbial community 
composition co-vary in different patches of E. purpureus-dominated 
Nieuwoudtville Shale Renosterveld. 
 
Processes of mineral nutrient mineralization and immobilization are sensitive to 
microbial community composition (Schimel et al., 2005). The results support co-
variation among soil chemical and microbial variables, and this hypothesis is not 
rejected. The PCA depicting soil chemical and microbial variables for the dry 
season (Figure 5.5) shows significant co-variation (78.56 %). This result 
corresponds with previous studies done in various ecosystems (Steenwerth et al., 
2002; Barrett et al., 2006; Pallarès Vinyoles, 2008). The study plots show an 
extremely varied association with the soil variables. Despite the varied profiles, 
the first PC distinguishes between plots with the highest AWCD readings (plots 
5, 6, 7, and 8) from those that showed low readings. 
 
The PCA showing the rainy season results (Figure 5.6) shows that the three 
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measures for microbial biomass, activity, and potential bacterial metabolic 
functionoing (PLFA, FDA and AWCD) are located in three different quadrants of 
the PCA, and are associated with different mineral elements. High enzyme 
activity (FDA) is closely associated with the variables phosphate, magnesium 
and potassium. The results in both seasons show that potential bacterial 
metabolic functioning (AWCD), and to some extent microbial biomass (PLFA, 
rainy season only), were negatively associated with high readings of these two 
elements, and that the highest readings of these two elements were in the camp 
(1) that was subjected to the longest stocking period. 
 
Of all the elements, phosphorus is the most important for continued animal 
health (Underwood, 1981). The presences of this chemical element in the soil is 
thus a positive indicator, as it may be taken up by plants, and may eventually be 
ingested by animals. If phosphorus is abundant in the soil, plants do not benefit 
much from allocating resources to supporting mutualistic relationships with 
mycorrhizal fungi (Treseder, 2004) which facilitate the uptake of phosphorus by 
most plants (Vance, 2001). 
 
The results show no relationship between soil microbial measures, and overall 
nutrient content. Nutrient accumulation in managed systems is associated with 
an increased ratio of bacterial to fungal markers, as shown in a PLFA analysis 
(Bardgett and McAllister, 1999). More natural systems are associated with a 
lower bacterial to fungal ratio (Bardgett, 2005). Overall nutrient value, nitrogen 
and phosphorus all showed no relationship in linear regressions (not shown) with 
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the bacterial to fungal ratio in the study plots. The bacterial to fungal ratio 
(Frostegård and Bååth, 1996) was extremely varied for all study plots, showing 
no profiling per camp, further emphasising the heterogeneity in the soil of these 
natural rangelands, and the fine-scale heterogeneity promoted by grazing 
livestock (Augustine and Frank, 2001). 
 
Temporal changes due to plant seasonal growth may affect nitrogen partitioning 
(Schadt et al., 2003). Plants and microbes compete for nitrogen, which is one of 
the most limiting mineral nutrients, in addition to phosphorus, in terrestrial 
ecosystems (Chapin et al, 2002). Nitrogen was lower in the rainy season (the 
growing season), which may indicate that plants have taken up more nitrogen, 
leaving less nitrogen in the soil accessible to microbes (Bardgett, 2005). The 
conservation and replenishment of nitrogen is important in order to retain humus 
in the soil, and maintain soil quality (Du Preez et al., 2011b), which may explain 
the result of nitrogen being strongly associated with plot 6, which also showed 
high values for dry and rainy season AWCD, as well as PLFA’s. 
 
Heterogeneity in terms of nitrogen and phosphorus can drive the patchy 
distribution of soil organisms (Swift et al., 1979; Bardgett, 2005; Berg and 
Bengtson, 2007). In turn, rhizosphere bacteria, through the production of 
enzymes, can change the availability of different forms of nitrogen and 
phosphorus in the soil (Reynolds et al., 2003; Ehrenfeld et al., 2005). Phosphate 
was one of the strongest explaining variables in the PCA’s depicting the 
variation in the different samples for soil chemical and soil microbial variables 
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measured (Figures 5.5 and 5.6). Phosphorus was negatively associated with 
potential bacterial metabolic functioning (AWCD) in both seasons, and 
microbial biomass (total PLFA) in the rainy season, but positively associated 
with enzyme activity (FDA).  
 
In a model of soil organic matter decomposition, Fontaine and Barot (2005) 
postulate that when nitrogen is abundant in the soil, the mineralization rate of 
soil organic matter is low, and the pool of soil organic matter increases. With a 
decrease in nitrogen in the soil, it is predicted that the soil decomposer 
community, including microbes, will increase, with an increase in soil organic 
matter mineralization and a reduction in the soil organic matter pool. This model 
fits with findings of Waldrop et al. (2004), who found that an increase in 
nitrogen availability changes the structure of the microbial community. The 
results show that FDA is negatively associated with nitrogen and Biolog and 
PLFA measures, meaning that the microbial enzymatic activity was highest in 
those plots that had the lowest readings of nitrogen, which fits with the above 
theory and previous findings (Carreiro et al., 2000). 
 
Effects of pH on soil microbial communities are considered strong (Frostegård et 
al., 2010). For example, Steenwerth et al. (2002) found significant negative 
correlations between pH and PLFA-defined soil microbial communities, across 
systems under different management regimes in California. In this study pH did 
not have strong effects on any of the three microbial measures used. Soil 
samples measured pH values between 5.9 and 6.9 which falls into the slightly 
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acid category, which is optimum for most plant species (Amacher et al., 2007). 
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5.5 Conclusion 
 
Chemical elements in the soil are in constant flux, relating to biogeochemical 
processes that occur on varying spatial and temporal scales (Beare et al., 1995; 
Bodelier, 2011). The composition and activity of microbial communities govern 
biogeochemical cycling, recycling organic matter and ensuring continuing 
fertility of soils (Bååth and Anderson, 2003). The availability of mineral 
nutrients is thus fundamentally linked to the soil microbial community. In this 
study, there was no overall relationship between high readings of soil chemical 
elements and soil microbial community composition or activity, though the 
various soil microbial measures showed co-variation with certain soil mineral 
elements. 
 
There is considerable variation within E. purpureus-dominated Nieuwoudtville 
Shale Renosterveld fragments in terms of soil chemical composition, and soil 
microbial activity and diversity, and these measures co-vary. Therefore the first 
two hypotheses are rejected, and the third hypotheses is accepted. The chemical 
analyses in both seasons show remarkable profiling according to different plots, 
and camps. 
 
The dry and the rainy season combined soil chemical and rhizosphere soil 
microbial analyses show that the different microbial measures are associated 
with different soil chemical elements. The most salient finding is that there is 
remarkable profiling of the samples per plot with the AWCD results, and 
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carbon-source utilisation per season in those plots that showed high AWCD 
readings. Another important finding is that high FDA readings are associated 
with high readings of phosphate, magnesium and potassium. The PLFA results 
show extremely poor representation of fatty acids overall, and thus indicate a 
possible loss of microbial diversity. 
 
The heterogeneous nature of soil in terms of chemical, physical and biological 
characteristics may be the biggest factor in the diversity of soil organisms (Wurst 
et al., 2012). The results in this study show that the microbial and chemical 
measures co-vary, and that within this vegetation sub-type, there are differing 
patterns of soil chemical composition and soil microbial communities (Berg, 
2012). 
 
Interactions among soil organisms have been shown to be linked to particular 
locations (Porazinska et al., 2003), and particularly within a heterogeneous 
vegetation type, and in a heterogeneous landscape such as the Bokkeveld Plateau 
(Helme, 2007), this may be the most likely explanation for the varying results 
obtained in this study. 
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Chapter 6 Links between renosterveld rangelands vegetation and the soil 
ecology of a dominant shrub.  
 
6.1 Introduction 
 
Drylands, including arid, semi-arid, and dry sub-humid ecosystems, cover about 
40 % of the earth’s land surface (Derner and Schuman, 2007). Rangelands which 
are situated in drylands are sensitive to degradation by domestic livestock. This 
degradation happens through direct (e.g. altering plant cover and diversity) and 
indirect (e.g. trampling increases soil bulk density and compaction) processes 
(Asner and Archer, 2010). These processes vary spatially at varying scales 
(Lyford et al., 2003). Livestock graze selectively, increasing the inherent spatial 
heterogeneity of the soil and vegetation in dryland areas (Smith et al., 2012). 
 
South African rangelands have been diminished in terms of productivity since 
colonization of this region (Dean and McDonald, 1994). Degraded rangelands 
are characterised by vulnerability to soil erosion, reduced ability to buffer soil 
temperatures and receive rainfall infiltration, and changes in soil organism 
communities (Whitford et al., 1989; Du Preez et al., 2011 b; Mills et al., 2012). 
Due to aridity and a lack of organic matter, soils in South Africa are delicate and 
vulnerable compared to those in more temperate zones (Du Toit, 1938). Organic 
matter loss is attributed to vegetation removal and erosion, whether that happens 
through tillage, heavy grazing or burning (Du Preez et al., 2011b). 
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Plants are connectors between the aboveground and belowground domains, and 
integrate these two subsystems (Wardle et al., 2004). Plants influence soil biota 
through two paths; decomposition and production (Wardle et al., 2004; De Deyn 
et al., 2007). The communities of soil organisms recycle the plant-produced 
organic matter, underpinning plant productivity (Sylvain and Wall, 2011), and 
positively affecting soil fertility, plant growth, soil structure and carbon storage 
(Coleman, 2008). 
 
Microbes are sensitive and respond quickly to change, providing information 
that integrates varying factors (Mijangos et al., 2006). The quantity and 
community composition of microbes in the soil affects the ability of a plant to 
access nutrients, affecting resource competition between plants (Bais et al., 
2006). Human activities influence soil biological communities, but the response 
is variable, and depends on a range of biological factors (Wall et al., 2010). 
 
Renosterveld is a diverse, fragmented and diminished vegetation type within the 
fynbos biome. Untransformed fragments of Nieuwoudtville Shale Renosterveld 
(Mucina and Rutherford, 2006) are found on tillite soils around Nieuwoudtville, 
on the Bokkeveld Plateau, and are used as natural forage for sheep.  
 
For the purpose of this study the following hypothesis has been tested: 
 
Hypothesis 1: Patches of Eriocephalus purpureus- dominated Nieuwoudtville 
Shale Renosterveld are similar in terms of aboveground and belowground 
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biological measures: plant species richness, vegetation cover, and soil chemical 
and microbial profiles. 
 
6.2 Materials and methods 
 
6.2.1 Study area  
 
Refer to Chapter 3 for a full description of the study area and study plots. The 
nine study plots are all located on Eriocephalus purpureus-dominated 
Nieuwoudtville Shale Renosterveld (Mucina and Rutherford, 2006) used at 
present or in the past as rangelands for the grazing of sheep. The study plots are 
situated on different camps which are subjected to differing stocking regimes, as 
described in Chapter 3. 
 
6.2.2 Rapid Renosterveld Assessment Method 
 
The Rapid Renosterveld Assessment Method (Milton, 2007) is described in brief 
in Chapter 4.2. 
 
6.2.3 Soil sampling and analyses 
 
The rhizosphere soil sampling for the microbial analyses, as well as the soil 
sampling for the soil chemical analyses are described in Chapter 5.2. In this 
chapter, the microbial parameters are; total PLFA (indicating microbial biomass), 
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Biolog AWCD, an indicator of potential metabolic functioning of the bacterial 
community, and FDA, a measure of microbial enzyme activity. 
 
6.2.4 Statistical analyses 
 
The vegetation and soil chemical and rhizosphere soil microbial results were 
statistically analysed with Pearson correlation matrices and PCA. Partial least 
squares (PLS) regression was carried out with soil parameters as independent 
and vegetation parameters as dependent variables. PLS is used to find primary 
relationships between two sets of variables, and is well suited when the number 
of observations are fewer than the number of variables. 
 
6.3 Results 
 
The aboveground data gleaned from the vegetation surveys are divided into plant 
species richness and cover of all plant growth form categories. Section 6.3.1.1 
and Section 6.3.2.1 show the combined results of plant species richness with soil 
microbial and soil chemical results respectively. Section 6.3.1.2 and Section 
6.3.2.2 show cover of all plant growth form categories (including rock, litter, 
duff, biological soil crust, and separate categories for the two most common non-
succulent shrubs found: Eriocephalus purpureus and Asparagus capensis) 
combined with soil microbial and soil chemical results respectively. 
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6.3.1 Vegetation and rhizosphere soil microbial analyses, both seasons 
 
6.3.1.1 Plant species richness and rhizosphere soil microbial analyses, both 
seasons 
 
The Pearson correlation matrix (not shown) generated only two significant 
(α=0.05) correlations, but only one set of correlations relates an aboveground to 
a belowground measure: Species richness within the category non-succulent 
shrubs was positively correlated to AWCD results in the dry season (+0,824). 
 
The PCA depicting the vegetation survey results in terms of plant species 
richness and soil microbial parameters - AWCD (both seasons), PLFA and FDA 
(rainy season only) is shown in Figure 6.1. The PCA explains 49.23 % of the 
variation found among the nine study plots. The highest eigenvector scores on 
the first PC (x-axis), are for the variables non-succulent shrubs (+0,535), AWCD 
in the dry season (+0,456), leaf-succulent shrubs (+0,387), FDA (-0,350) and 
PLFA (+0,340). The first PC mainly separated plots with more non-succulent 
and leaf-succulent shrub species and that showed higher readings of AWCD and 
PLFA, from those that had higher readings of FDA. 
 
The highest eigenvector scores on the second PC (y-axis), are for the variables 
annual (alien) grass (+0,488), alien forbs (+0,466), AWCD rainy season 
(+0,441), and perennial grass (-0,386). This PC distinguishes between plots 
intra-camp on camps 1 and 2, demonstrating that these plots were not similar in 
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terms of plant species richness of the above plant growth form categories, 
despite being situated on the same camp. 
 
Figure 6.1 PCA depicting vegetation survey results in terms of plant species richness, and soil 
microbial parameters recorded in both seasons; AWCD (both seasons), PLFA and FDA (rainy 
season only). Plots are numbered, and coloured according to camps (camp 1=aqua, camp 
2=yellow, camp 3=green, camp 4=apricot). 
 
The plots were chiefly distinguished intra-camp by the plant species richness in 
terms of perennial (indigenous) vs. annual (alien) grass growth form categories. 
This PC also distinguishes between plots situated on camps 3 (plots 6 and 7) and 
4 (plots 8 and 9), and these plots profile according to the second PC, showing 
that they were similar in terms of plant species richness of the above plant 
growth form categories. 
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6.3.1.2 Plant cover and soil microbial analyses, both seasons 
 
The significant (α=0.05) aboveground-belowground correlations generated by 
the Pearson correlation matrix (not shown) included the following: Dry season 
AWCD results was positively correlated to cover of rock (+0,749), alien forbs 
(+0,689), and alien grass (+0,680), and negatively correlated to cover of E. 
purpureus (-0,786). Rainy season AWCD results was also negatively correlated 
to E. purpureus (-0,701), and PLFA was positively correlated to cover of 
perennial grass (+0,817). 
 
The PCA depicting the vegetation survey results in terms of plant cover and soil 
microbial parameters - AWCD (both seasons), PLFA and FDA (rainy season 
only) is shown in Figure 6.2. This PCA explains 60.31 % of the variation found 
among the nine study plots. 
 
The highest eigenvector scores for the first PC (x-axis) are for the variables alien 
grass (+0,362), alien forbs (+0,345), E. purpureus (-0,303), perennial grass 
(+0,291), and duff (-0,288). The first PC mainly separated plots with higher 
cover of annual (alien) grass and alien forbs from those that had higher cover of 
E. purpureus and duff. The plots show remarkable profiling per camp according 
to the first PC. 
 
The highest eigenvector scores on the second PC (y-axis), are for the variables 
biological soil crust (+0,427), rock (+0,398), and A. capensis (-0,315). This PC 
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distinguishes between plots intra-camp situated on camps 2, 3, 4, and very 
slightly 1, demonstrating that there was considerable variation intra-plot in terms 
of cover of these three variables. 
 
Figure 6.2 PCA depicting vegetation survey results in terms of plant cover and soil microbial 
parameters; AWCD (both seasons), PLFA and FDA (rainy season only). The dotted blue line 
separates those plots with high readings of AWCD in the dry season, from those that showed a 
low reading. Plots are numbered, and coloured according to camps (camp 1=aqua, camp 
2=yellow, camp 3=green, camp 4=apricot). 
 
6.3.2 Vegetation and soil chemical analyses 
 
6.3.2.1 Plant species richness and soil chemical attributes, both seasons 
 
The Pearson correlation matrix (not shown) of plant species richness allocated to 
plant growth form categories and soil chemical parameters sampled over both 
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seasons showed a few significant correlations between variables, but the highest 
correlations between vegetation and soil chemical variables include: leaf-
succulent shrubs and sodium (-0,733), and non-succulent shrubs and sodium (-
0,612). Figure 6.3 shows the PCA depicting plant species richness allocated to 
different plant growth form categories per plot, and soil chemical measures in 
both dry and rainy seasons. The plots are numbered (1-9) and coloured per plot. 
The PCA explains 41.56 % of the total variation found among the study plots. 
 
The variables with the strongest eigenvectors on the first PC are geophytes 
(+0,446), sodium (+0,408), leaf-succulent shrubs (-0,381) and magnesium (-
0,380). The first PC mainly separated plots with more geophyte species and that 
had higher readings of sodium, from those that had more species of leaf-
succulent shrubs and higher readings of magnesium. The variables with the 
highest eigenvector scores on the second PC were non-succulent shrubs 
(+0,414), potassium (-0,351), stem-succulent shrubs (-0, 325) and leaf-succulent 
shrubs (0,322). 
 
Plots in camp 1 (plots 1 and 2) and 2 (plots 3, 4, and 5) separate intra-camp 
along this PC. The plots in camps 3 (plots 6 and 7) and 4 (plots 8 and 9) show 
neater profiling than those plots in camp 1 (plots 1 and 2) and 2 (plots 3, 4, and 
5). The soil chemical attributes of each plot in both seasons were very similar, 
with the dry season and rainy season version of each plot clustering close 
together. The plots situated on different camps cluster in different quadrants of 
the PCA, with the exception of plots in camp 2, with plots 3 and 4 clustering, 
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and plot 5 separate. 
 
 
Figure 6.3 PCA showing plant species richness per plot in the different plant growth form 
categories, and soil chemical measures in both dry and rainy seasons. Plots are numbered, and 
coloured according to camps (camp 1=aqua, camp 2=yellow, camp 3=green, camp 4=apricot). 
 
6.3.2.2 Plant cover and soil chemical attributes, both seasons 
 
The Pearson correlation matrix of cover of the different plant growth form 
categories and soil chemical parameters sampled over both seasons (not shown) 
displayed many significant (α=0.05) correlations between variables, but the 
highest correlations between plant cover categories and soil chemical parameters 
include: perennial grass and conductivity (+0,707), rock and pH (-0,687), 
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perennial grass and nitrogen (+0,677) and biological soil crust and pH (-0,612), 
and annual grass and sodium (-0,618). 
 
The PCA depicting plant cover in the various study plots and the soil chemical 
profiles for both the dry and rainy seasons is shown in Figure 6.4. Plots are 
numbered, and coloured according to camps. The PCA explains 50.86 % of the 
variation found among the study plots, which is higher than the PCA depicting 
plant species richness and soil chemical attributes (Figure 6.4). 
 
 
Figure 6.4 PCA depicting plant cover in the various study plots and the soil chemical profiles for 
both the dry and rainy seasons. Plots are numbered, and coloured according to camp (camp 
1=aqua, camp 2=yellow, camp 3=green, camp 4=apricot). 
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The variables with the strongest eigenvectors on the first PC are annual grass 
(+0,351), alien forbs (+0,330), perennial grass (+0,314), duff (-0,309) and E. 
purpureus (-0,303). The plots all show neat profiling, and are distinguished by 
camp along the first PC (x-axis). Furthermore, the plots are distinguished on the 
first PC according to high N readings and cover of many plant growth form 
categories on the one side; and high readings of soil chemical elements Mg, K, P, 
Ca and Na, and cover of leaf-succulent shrubs and E. purpureus, on the other. 
 
The variables with the strongest eigenvectors on the second PC are pH (+0,405), 
rock (-0,396) and biological soil crust (-0,373). The second PC mainly separated 
plots with higher cover of rock and biological soil crust from those that had 
higher pH readings, and the plots separated out intra-camp along this PC. The 
soil chemical attributes of each plot in both seasons were very similar, with the 
dry season and rainy season version of each plot clustering close together. 
 
6.3.3 Vegetation and all soil parameters 
 
Figure 6.5 shows a partial least square (PLS) regression correlation loading plot 
showing soil (chemical and microbial; AWCD) as independent variables (x) and 
plant variables (diversity and cover) as dependent variables (y). Observations 
(Obs) are written in green, but the plots are coloured according to camp as 
before. The PLFA and FDA variables were excluded, as they were only taken in 
the rainy season. The plots cluster according to camp, and are associated with 
cover and species richness of different plant growth form categories, as well as 
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soil (chemical and microbial) variables. 
 
 
Figure 6.5 Partial least square regression (PLS) correlation loading plot showing soil (chemical 
and microbial; AWCD) as predictor variables (x, red) and plant variables (diversity and cover) 
as dependent variables (y, blue). Observations (Obs) are shown in green, but the plots are 
coloured according to camp as before (camp 1=aqua, camp 2=yellow, camp 3=green, camp 
4=apricot). 
 
6.4 Discussion 
 
The results show covariance between plant species richness within and cover of 
different plant growth form categories, and soil microbial community 
characteristics. The hypothesis, that different patches of E. purpureus- 
 
 
 
 
 124 
 
dominated Nieuwoudtville Shale Renosterveld are similar in terms of 
aboveground and belowground biological measures: plant species richness, 
vegetation cover, and soil microbial and chemical profiles, is rejected. 
 
Bardgett and Wardle (2010) found consensus in over 300 studies that plant 
diversity does not affect soil organisms. But Eisenhauer et al. (2011, 2013) 
found that increased plant diversity in terms of species and functional group 
richness had a positive effect on the density and diversity of soil organisms (soil 
microorganisms, microarthropods and nematodes). It was shown in Chapter 4 
that the differences in terms of overall plant species richness among the study 
plots were not significant, though the different study plots differed in plant 
species richness in terms of different plant growth form categories. In this 
chapter, the microbial parameters are associated with this variation in plant 
species richness when allocated to the different plant growth form categories. 
 
Zak et al. (2003) related an increase in soil microbial biomass as measured by 
total PLFA to increased plant production associated with an increase in plant 
species richness, and not an increase in diversity per se. Plant species effects that 
alter ecosystem processes, such as nutrient cycling, may differ from season to 
season. Biogeochemical cycling is affected by plant species traits through direct 
and indirect influences, and these influences are altered by the seasons (Eviner et 
al., 2006). 
 
The vegetation in the rainy and dry seasons could be classified as two differing 
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systems, i.e. high- and low-productivity respectively. Renosterveld in winter and 
spring hosts fast-growing, short-lived, fast-decomposing plant species, e.g. 
annual forb Senecio cakilefolius, but the vegetation that remains in the hot dry 
summer months and through autumn until the rains start consist of slow-
growing, long-lived, slow-decomposing perennials, mostly shrubs. 
 
In a study of fynbos and renosterveld plant species, Bengtsson et al. (2011) 
found differences in litter decomposition rates among litter from three different 
plant species. Their study concurs with previous studies where plant species 
effects on soil microbial communities can be observed (Saetre and Bååth, 2000; 
Ettema and Wardle, 2002). On a small-patch scale, these effects were mostly 
related to plant growth (Ettema and Wardle, 2002), but also to the quality of soil 
organic matter (Saetre and Bååth, 2000), which is related to both above- and 
belowground plant inputs, e.g. litter and root exudates respectively, into the soil. 
These authors found no support for the home field advantage (HFA) theory, ie. 
soil communities are adjusted to decompose litter that they most often contend 
with (Ayres et al., 2009a, 2009b). A more diverse plant community generates 
more diverse litter for return to the soil, and specialised use of resources by soil 
organisms contributes to niche partitioning, maintaining soil microbial diversity 
(Hooper et al. 2000).   
 
Active and growing microbes may be more vulnerable to water stress (Williams, 
2007). The largest part of the microbial community may be inactive at any one 
time, which protects them against environmental stress (Chen and Alexander, 
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1973). Inactive microbes can survive inhospitable conditions by forming cysts 
and spores (Lavelle and Spain, 2001) until they improve, tolerating austere 
conditions (Bardgett, 2005). Plots with more diverse non-succulent and leaf-
succulent shrub components measured higher microbial biomass (total PLFA) in 
the rainy season, and higher potential bacterial metabolic functioning (AWCD) 
in both seasons, while plots with a more diverse geophyte component showed 
higher microbial enzyme activity (FDA). The increased diversity in the non-
succulent and leaf-succulent shrub component may offer more varied, and better 
(increased shading, less evaporation, lower temperatures, and less temperature 
fluctuations) soil conditions providing a refuge for the soil microbial community, 
although cover of these plant growth form categories are not significantly 
correlated to the microbial measures. The ‘fertile island effect’ (Noy-Meir, 1985) 
is a function of both shrub size and age, thus this effect differs according to the 
shrub component present, creating patchiness in vegetation and soils at a range 
of spatial scales (Throop and Archer, 2008). 
 
In a global study on natural dryland ecosystems, Maestre et al. (2012) related 
abiotic factors and plant species richness to multifunctionality, referring to 
functions such as carbon storage, nutrient cycling and productivity. These 
ecosystem functions are linked to a healthy soil microbial community (Wall et 
al., 2010). In drylands, plant species richness of perennial plants show a positive 
and significant relationship to multifunctionality (Maestre et al., 2012). The 
authors suggest that plant species richness offers a buffering against the negative 
effects of climate change and desertification. An increase in plant diversity has a 
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beneficial impact on ecosystem function, as measured by soil respiration, water 
infiltration capacity, compaction, and enzyme activity related to the carbon, 
nitrogen and phosphorus cycles (Maestre et al., 2012). 
In the PCA showing the soil microbiological data and cover of the various plant 
growth form categories (Figure 6.2), variation is better explained (60.39 %) than 
in the PCA depicting plant species richness and soil microbiological profiles 
(Figure 6.1), and there is stronger profiling of the study plots according to camp 
on the first PC. However, the variables that carry the highest eigenvalues are all 
plant growth form categories, and not soil microbial variables. This points to 
tighter co-variance between plant species richness within the different plant 
growth form categories to soil microbial parameters, compared to cover of plants 
allocated to the different plant growth form categories. 
 
Although the various measures of soil biological activity were spread over three 
quadrants of the PCA, they were associated with cover of different plant growth 
form categories. High microbial enzyme activity (FDA) and cover of E. 
purpureus cover were associated, high microbial biomass (total PLFA) was 
associated with increased cover of perennial grass, geophytes and A. capensis, 
and high potential bacterial metabolic functioning (AWCD) was associated with 
cover of rock and non-succulent shrubs. 
 
This suggests that the shrub canopies may cast valuable shade in the dry 
summer, thus creating a refuge for soil microbes by protecting the soil from 
losing moisture. The perennial presence of vegetation (e.g. shrubs) buffers the 
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physical stress of soils through the wet/dry cycles (Van Bruggen and Semenov, 
2000) and where vegetation becomes sparser in cover, abiotic factors supersede 
biotic factors in their effect on soil parameters (Bardgett, 2005; Delgado-
Baquerizo et al., 2013). Shrubs moderate ecosystem services, micro-climate, 
reduce erosion and nutrient loss, increase soil water-holding capacity, maintain 
the structure of the soil, offering a habitat for numerous organisms (Peters et al., 
2006). 
 
In the PCA depicting plant species richness and soil microbial measures (Figure 
6.1), plots were distinguished on the basis of those that hosted annual (alien) 
grass and alien forbs, and which were associated with high potential bacterial 
metabolic functioning in the rainy season, and the other plots, which only hosted 
perennial (indigenous) grass species. The only annual grass species found at the 
study sites was Avena fatua, a palatable alien grass. The perennial grass species 
found were both palatable and indigenous; Chaetobromus dregeanus and 
Ehrharta calycina. A. fatua loaded heavily (+0,808) on the second PC, clearly 
separating out the plots on which it was found: 2, 3, 4, 6 and 7. Perennial grass 
species were found on all plots, which accounts for the lower factor loading (-
0,639) that this variable has on the second PC. 
 
Annual and perennial grass favour the same habitats (Van Rooyen, 2003), but 
the results show clear separation among plots on the basis of the presence or 
absence of A. fatua. The reason for this is unclear, but Steenwerth et al. (2002) 
found in a Californian study that alien grasses are associated with a unique 
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microbial community, and it has been shown that invasive alien plants, such as 
alien grasses, can alter the composition of the soil microbial community 
(Klironomos, 2002; Duda et al., 2003; Mele and Crowley, 2008). Todd (2008) 
ascribed the presence of alien grass around Nieuwoudtville to current and 
historical disturbances. The plots on camp 3 (plots 6 and 7) may be more 
susceptible to disturbance from surrounding croplands and pastures, as they have 
the highest fragmentation level of all plots, though they are not subjected to 
heavy grazing. Plots 3 and 4 are situated in the camp where livestock has been 
excluded for the previous five years, though they are situated closer to the 
homestead, and a historical water point, compared to plot 5, situated in the same 
camp (2). Plot 2 is situated in the camp which is subjected to the longest 
stocking period, and is in a more sheltered position compared to plot 1 on the 
same camp (1). 
  
The Pearson correlation matrix of cover of plant growth form categories and soil 
microbial parameters showed significant negative correlations between cover of 
E. purpureus, and the AWCD results in both dry (-0,786) and rainy (-0,701) 
seasons. The relative dominance of the dominant plant species, i.e. E. purpureus, 
is negatively correlated with potential bacterial metabolic functioning in the 
rhizosphere of the dominant shrub. This links with the PCA depicting plant 
species richness and soil microbial community data (Figure 6.1), where high 
species richness within the category non-succulent shrubs was correlated with a 
high potential bacterial metabolic functioning in the dry season. In Chapter 4, it 
was shown how the cover of E. purpureus and other non-succulent shrub species 
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loaded oppositely on both the first and second PCs of the PCA (Figure 4.2), 
showing that plots varied in terms of relative cover of E. purpureus and other 
species of non-succulent shrubs. Woody plant diversity may affect the 
decomposer food web in that litter composition differs between plant species, 
and require differing decomposer guilds to transform it (Hanson et al., 2008; 
Ayres et al., 2009b). A high diversity of woody plant species would thus 
contribute to a more diverse decomposer community. 
 
The dotted vertical line on the PCA depicting cover of the various plant growth 
form categories and soil microbial measures shown in Figure 6.2 separates the 
four plots that measured high potential bacterial metabolic functioning in the dry 
season (plots 5, 6, 7 and 8) from those that measured extremely low. The plots 
that measured low potential bacterial metabolic functioning in the dry season are 
also those that were more strongly associated with high enzyme activity (in the 
rainy season), and cover of E. purpureus. This result also points to functionally 
differing soil microbial communities among the different study plots.  
 
Although enzyme activity was associated with cover of E. purpureus, potential 
bacterial metabolic functioning was associated with cover of other species of 
non-succulent shrubs. In proposing an alternate decomposition model, Fontaine 
and Barot (2005) emphasise that the quantity of enzymes is the limiting factor 
for the decomposition rate of recalcitrant litter, and not the quantity of substrate 
available. This may indicate that E. purpureus-rhizosphere soil microbial 
communities in renosterveld patches with increased relative dominance of E. 
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purpureus produce more enzymes, and are therefore more efficient in 
decomposing litter produced by E. purpureus. Despite this model, these authors 
emphasise that the presence of several microbial types, i.e. high diversity (as 
measured by, for example, Biolog carbon-source , and the fingerprint of 
individual PLFA’s) is critical for primary productivity and sound ecosystem 
functioning. The three soil microbial measures, and their varying associations 
with plant growth form categories in terms of both plant species richness and 
cover may then point to enzymatic activity depending more on plant community 
characteristics, and not the microbial community in the rhizosphere soil of the 
dominant plant, E. purpureus.  
 
Patterns of soil biodiversity are related to the spatial patterns of vegetation in 
semi-arid ecosystems (Bardgett, 2005), which are characteristically patchy in 
these resource-limited ecosystems (Noy-Meir, 1985; Peters et al., 2006).  The 
diversity of soil biota is dictated to a large degree by effects modulated by plants, 
e.g. plant-derived organic matter (quality and quantity), and disturbances. 
Livestock preferentially graze certain plants, and the soil community below 
palatable plants may be more affected than those that are less palatable. The soil 
samples in this study were all taken from the rhizosphere of E. purpureus 
individuals, a palatable sub-shrub. The distance from those individuals that were 
sampled to other plants, and their identities, were not recorded. The influence of 
plant species diversity on belowground biota in the vicinity of a dominant plant 
species has been shown, and constitutes an alternative paradigm to accepted 
belowground community ecology (Bliss et al., 2010). Other studies have shown 
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that the relative dominance of a dominant plant species is the most important 
factor influencing the soil biotic community (De Deyn et al., 2004; Viketoft et 
al, 2005; Bezemer et al., 2010). 
 
The direct presence, and identity of, litter under the shrub canopy was not 
recorded, although little litter was observed underneath the shrub canopy of E. 
purpureus individuals in general (personal observation). Litter was only 
recorded if it was a canopy-strike on the 50 m-transect. The relative cover of 
duff and litter, which is associated with soil organic matter (SOM), as this is the 
available plant material that breaks down and becomes available to the soil food 
web (Peters et al., 2006; Smith et al., 2012), is in the PCA-quadrant where none 
of the soil microbiological measures appear. The cover of  litter has a strong 
loading on the second PC (y-axis) in Figure 6.2, but plots separate within camps 
on this component, except camp 1 (plots 1 and 2), which emphasises the fact that 
camps display spatial heterogeneity and are grazed heterogeneously (Lyford et 
al., 2003). 
 
An increase in grazing intensity is associated with a decrease in relative cover of 
litter, and an increase in bare patches (Northup et al., 2005; Fernandez et al, 
2008; Schmalz et al., 2013). In this study however there was no significant 
relationship (in the Pearson correlation matrix), nor close association in the PCA 
between bare ground and all soil microbial parameters. The factor loading for 
the category bare was -0,281 for the first PC and +0,327 for the second PC, 
indicating that it did not have a strong influence on the amount of variability 
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found among study plots, compared to other factors. The plant surveys were 
conducted in spring, when most plant species are present in renosterveld. 
Indigenous and alien forbs, annual grasses and geophytes all disappear from 
late-spring onwards, only starting to appear again in early autumn, when the first 
rains start. 
 
The management measure in this study, stocking regime, is inadequate to 
account for the differences found in this study that are possibly related to grazing 
disturbances. Camps are grazed heterogeneously, as livestock graze selectively, 
and semi-arid areas are typically heterogeneous (Smith et al., 2012). Grazing 
affects both plant cover and diversity (Midgley et al., 2010). Grazing affects the 
litter input into the soil, as species preferred by grazers (palatable, non-woody) 
are consumed, and other species (woody, unpalatable, or toxic) are left to 
become litter (Díaz et al., 2007). With an increase in grazing intensity, or even at 
moderate grazing intensities, litter diminishes (Peters et al., 2006; Smith et al., 
2012). 
 
Cover of rock and biological soil crust were negatively associated with high pH 
(Figure 6.4). Biological soil crusts exude organic acids, which facilitates the 
weathering of rock (Belnap, 2003). This may explain the lower pH (i.e. higher 
acidity) in those plots that had higher cover of rock and biological soil crusts. 
 
The varied nature of the vegetation as well as soil characteristics were supported 
by the PLS correlation loading plot shown in Figure 6.5. The variability and 
 
 
 
 
 134 
 
heterogeneity of Nieuwoudtville Shale Renosterveld is illustrated through the 
association of study plots with different soil and vegetation factors, supporting 
the conservation of all fragments of remaining untransformed renosterveld, as 
they are not uniform. 
 
Porazinska et al. (2003) noted that relationships between biotic and abiotic soil 
variables, and plant community traits showed no clear patterns. Bardgett (2005) 
emphasised that generalisations about complex interactions are misguided, as 
idiosyncratic effects can be seen in plant and soil biotic communities. Plant 
community composition affects the decomposer food web, including the soil 
microbial community, but it appears that these effects are context-dependent 
(Wardle et al., 2004). Berg (2012) points out that the drivers affecting soil 
organism diversity differ in their spatio-temporal aspects, and that the spatial 
scales are nested, i.e. global (e.g. climate), landscape (topography), plot and 
individual (chemical heterogeneity). Interactions amongst these drivers are 
complicated due to the different scales and time-frames in which they operate. 
 
6.5 Conclusion 
 
The focus in this study was on the first level of the two food webs, production 
and decomposition, involved in nutrient cycling in Eriocephalus purpureus-
dominated Nieuwoudtville Shale Renosterveld used as extensive rangelands. 
The vegetation, soil chemical characteristics, and the rhizosphere soil microbial 
community were assessed, in order to glean how aboveground and belowground 
 
 
 
 
 135 
 
phenomena relate to one another (Wall et al., 2010; Sylvain and Wall, 2011). 
 
The findings show that vegetation communities, soil chemical characteristics, 
and soil microbial communities differ among sites, and are site-specific, though 
there were some similarities within camps. The soil microbial parameters 
displayed different associations with plant species richness and cover of the 
various plant growth form categories. Plots with higher cover of non-succulent 
shrubs measured higher potential bacterial metabolic functioning, while plots 
with higher E. purpureus cover showed more microbial enzyme activity. Plots 
with high cover of perennial grass and A. capensis (a monocotyledon shrub), and 
geophytes (mostly monocotyledon) showed overall higher measures of soil 
microbial biomass. The identification of soil biological ‘hotspots’, which are 
responsible for providing the bulk of soil-based ecosystem services, should be 
integrated in local landscape knowledge (Barrios, 2007). Native plants as 
indicators of soil health is a key tool for decision making in farming landscapes 
in South America and Africa (Barrios et al., 2006). This would be an appropriate 
addition to the management toolbox of farmers and land managers of the 
remaining fragments of renosterveld. 
 
Overall high measures of mineral elements magnesium, potassium, phosphate, 
calcium and sodium were associated with high cover of E. purpureus, and plots 
that associated strongly with these variables were distinguished (on the PCA in 
Figure 6.4) from those plots that showed high readings of nitrogen and were 
associated with high cover of annual and perennial grass. These results show that 
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soil chemical attributes do play a role in plant community composition.  
 
A recommendation for future studies would be to take multiple samples over a 
period, including dry and rainy seasons, and then assessing patterns that emerge 
(if any) of how the different measures relate to one another, as well as to their 
environment. 
 
Plants, symbionts, decomposers and herbivores interact at different trophic 
levels to maintain a dynamic balance (Swift et al., 2004). The patterns and 
relationships found may all be important, as the numerous factors and 
idiosyncratic responses (Bardgett, 2005) of the biotic communities confer 
resilience on the vegetation type, as well as the agro-ecological matrix in which 
it is embedded. Since it was found that the different fragments of Nieuwoudtville 
Shale Renosterveld harbour differing soil microbial communities, the 
importance of conserving all, including the smallest, fragments is emphasised, 
supporting recommendations of previous studies (e.g. Kemper et al., 1999). Soil 
biota not only regulate organic matter turnover and nutrient cycling, they affect 
(positively or negatively) vegetation change in terms of biodiversity and 
productivity (Bardgett, 2005), and aboveground and belowground interactions 
affect both the rate and direction of vegetation change (Van der Putten et al., 
2009). Heneghan et al. (2008) suggest that enriched soil ecological knowledge 
may be needed to restore complex interactions post-disturbance. Natural 
renosterveld fragments are not just repositories for plant species but also for the 
microbial species that live belowground. Re-inoculation of beneficial microbes 
 
 
 
 
 137 
 
is a way to revitalise and rehabilitate soil (Rowe et al., 2009). In this context, 
soil heterogeneity is important, providing refugia for the recolonization of soil 
biota. 
 
The study context was completely realistic (sensu Provenza et al., 2013), with a 
complete lack of control of all variables, and thus the aim was to describe what 
was found, and to point out any potentially significant relationships. As the 
parameters measured in this study represent biological components at different 
spatial scales and organisation levels (Noss, 1996; Pence, 2008), the results 
underline the fact that the relationship between a landscape and the organisms 
that inhabit it is reciprocal, with all ‘components’ reliant on each other for 
continual and concurrent change and adaptation (Pringle and Tinley, 2003).  
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Chapter 7 Summary 
 
The aim of this study, to assess the vegetation and soil chemical and microbial 
characteristics of semi-arid renosterveld rangelands, was achieved. 
 
The vegetation survey showed that despite no significant difference in overall 
plant species richness among the study plots, the study plots differed in terms of 
plant species richness within, and cover of, the various plant growth form 
categories. 
 
Soil chemical profiles differed significantly among the study plots. Potential 
bacterial metabolic functioning differed between the dry and rainy seasons, but 
study plots with lower potential bacterial metabolic functioning showed high 
potential bacterial metabolic functioning in the rainy season, indicating seasonal 
resilience. 
 
Soil microbial parameters co-varied with cover of different perennial plant 
growth form categories, but the three soil microbial analyses did not support one 
another, indicating that a further, more detailed investigation into the soil 
microbial ecology of Eriocephalus purpureus-dominated Nieuwoudtville Shale 
Renosterveld is warranted. 
 
7.1 Management implications and recommendations 
 
 
 
 
 
 139 
 
Farmers should continue to benefit from utilizing Nieuwoudtville Shale 
Renosterveld as natural forage for grazing sheep. The results support the 
conservation of all fragments of remaining renosterveld, as the study plots 
differed in all parameters measured, and may serve as valuable resources of not 
only plant genetic material but also soil microbial communities for any future 
rehabilitation or restoration efforts. 
 
7.2 Further research/lessons learnt 
 
The extreme dryness of the soil in the dry season sampling made it impossible to 
collect enough soil to conduct all the planned-for analyses. It would be 
recommended to sample right after the first rain, at the start of the rainy season, 
and again at the end of the rainy season, although this may make field work 
difficult to plan. 
 
Not all historical stocking data were obtainable from all landowners/managers, 
and it was not possible to find a statistically significant amount of sites subjected 
to different stocking regimes. Future studies would be enlightening if sites were 
chosen along a stocking gradient. Furthermore, taking the grazing effects, e.g. 
the physical defoliation, trampling, urination and dunging, into account may 
shed light on the variable results obtained.  
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